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GENERAL INTRODUCTION 
 
 
 Introduction 
 
Understanding the causes and mechanisms 
underpinning individual phenotypic variation, 
which is the ultimate determinant of 
differential contribution of individuals to the 
genetic composition of the subsequent 
generations, is crucial for any research field in 
evolutionary ecology (Williams, 1992). While 
environmental conditions can have obvious, 
immediate consequences for phenotype, in 
recent years increasing attention has been 
devoted to the long-term effects of the 
conditions experienced during early phases of 
life, typically spanning from conception to 
developmental maturity, on survival and 
reproduction (see Lindström, 1999; Metcalfe 
and Monaghan, 2001; Ricklefs et al., 2006). 
Perinatal environment is mainly determined by 
parental decisions over the time and place of 
breeding, which can affect e.g. food abundance 
and/or the presence of parasites and predators, 
as well as over the number of offspring 
produced and the effort devoted in attending 
the progeny, which can determine the intensity 
of within-brood competition and ultimately the 
amount of resources received by each member 
of the progeny. 
The aim of the present dissertation is to 
examine diverse factors that can contribute to 
influence variation in the quality and viability 
of the offspring before the independence from 
parents, and potentially having an important 
role in affecting individual performance into 
adulthood, using two altricial bird species as 
model organisms. More specifically, this work 
is concerned with the effects of the within-
brood competitive environment and the 
unequal parental investment towards different 
members of the progeny on offspring growth 
and phenotypic quality, with special focus on 
intra-familiar conflicts mediated by the so-
called begging behaviour. It further 
investigates the potential consequences, in 
terms of reproductive success, of the conditions 
experienced during development, typically 
mediated by parental breeding decisions. 
 
 
1.1 Parent-offspring conflict over parental 
investment 
 
In species where the offspring are totally 
dependent on the resources, particularly food, 
provided by parents, evolutionary conflicts of 
interest within the family are expected to arise 
because individual family members disagree 
over the allocation of parental investment 
(Clutton-Brock, 1991; Mock and Parker, 1997). 
Since the pioneering works of Hamilton (1964) 
and Trivers (1974), theoretical models have 
emphasized that intra-familiar conflicts occur 
as a consequence of sexual reproduction, 
because family members share only part of 
their genes (e.g. Macnair and Parker, 1979; 
Parker and Macnair, 1978; 1979; Parker et al., 
1989; 2002; Godfray, 1995a). In diploid 
animals adopting sexual reproduction, parents 
are not genetically identical to their offspring: 
the coefficient of relatedness (i.e. the 
proportion of the gene pool shared between two 
individuals) of each parties with itself is 1.0 
compared to 0.5 with its counterpart (Hamilton, 
1964). Although the different parties in a 
family share common evolutionary interests, 
benefits and costs of parental investment are 
divergent between parents and offspring 
(Trivers, 1974; Clutton-Brock, 1991; Mock and 
Parker, 1997). Given that a fixed amount of 
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 parental investment results in different fitness 
payoffs for offspring and parents, and that 
natural selection is therefore expected to act in 
conflicting ways on genes expressed in parents 
and on those identical by descent expressed in 
offspring, a parent-offspring conflict over the 
amount of parental care that each individual 
member of the progeny should receive is 
expected to occur (Trivers, 1974; Clutton-
Brock, 1991). Furthermore, models of parental 
care (see Clutton-Brock, 1991 for an 
exhaustive overview) argue that parental 
additional investment in a given brood 
increases its reproductive value, but also results 
in a decrease of the future reproductive success 
of the parents. In general, it is widely 
acknowledged that parents are selected to 
invest their limited resources in relation to their 
own interest, by balancing expenditure in the 
current reproduction with other present and 
future activities (Trivers, 1974; Clutton-Brock, 
1991; Godfray, 1995a), and maximizing the 
difference between benefits and costs of 
parental care towards any single offspring 
(Trivers, 1974; Clutton-Brock, 1991). On the 
other hand, offspring are selected to obtain 
from their parents more care that it would be 
optimal for them to provide (Trivers, 1974; 
Macnair and Parker, 1979). Opposing selective 
pressures on either generation should thus 
favour the evolution of different strategies to 
prevail in such an ‘intra-familiar battleground’, 
with offspring trying to manipulate both the 
amount (i.e. the overall investment in a given 
brood) and the allocation (i.e. the investment in 
each member of the current brood) of parental 
investment to their advantage and parents 
limiting extra-expenditure in care which is 
solicited by the offspring in order to maximize 
their own fitness. Theoretical models focused 
on the resolution of parent-offspring conflict 
(e.g. Trivers, 1974; Macnair and Parker, 1979; 
Parker and Macnair, 1978; 1979; Johnstone, 
1999; 2004) have demonstrated that 
evolutionary stable strategies can arise at 
intermediate levels of parental investment 
between those expected to maximize parental 
or, respectively, offspring fitness (but see 
Alexander, 1974; Godfray, 1991; 1995b; see 
also Paragraph 1.4). Most of these models 
also envisage parent-offspring conflict as 
mediated by the so-called begging behaviour, 
consisting of a diverse set of morphological 
and behavioural displays that offspring use to 
solicit provisioning of care (e.g. Godfray 
1995a; Kilner and Johnstone, 1997; Johnstone, 
1999; 2004; see also Paragraph 1.4).  
Given that parents are equally related to all 
their biological descendants, they should 
theoretically promote an even share of 
resources among offspring, unless asymmetry 
in reproductive value among siblings are 
otherwise generated by e.g. parasitism or birth 
order (Hamilton, 1964; Trivers, 1974; Smith 
and Fretwell, 1974; Clutton-Brock, 1991; but 
see Temme, 1984; Haig, 1990; Lessells, 1998; 
2002; see also Paragraph 1.3). Conversely, 
each offspring shares twice as much of its gene 
pool with itself than with any other full sibling, 
and is therefore selected to increase its share of 
parental resources to the expense of its siblings, 
leading to competition among siblings for the 
access to resources provided by parents (see 
Paragraphs 1.2 and 1.4). Such a disagreement 
over the allocation of parental resources leads 
to two main forms of parent-offspring conflict, 
that are expected to occur in relation to the 
species-specific life-histories: inter-brood 
conflict arises whenever parents alter the 
parental investment in the current brood as a 
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 response to the offspring demands, thus 
affecting their available resources to be 
allocated to future breeding attempts (Trivers, 
1974; Parker et al., 1989; Clutton-Brock, 1991; 
Mock and Parker, 1997). Hence, this type of 
parent-offspring conflict occurs in multivoltine 
species and involves offspring of different 
broods. In addition, when brood size is greater 
than one, different requests by individual 
siblings may cause a deviation from the 
optimal investment for parents in each 
offspring within brood (Macnair and Parker, 
1978; Parker et al., 1989; Clutton-Brock, 1991; 
Mock and Parker, 1997). This conflict among 
brood mates, the so-called intra-brood conflict, 
is typical of multiparous species and can occur 
even without any difference in the total amount 
of parental investment towards the whole 
brood. Parent-offspring intra-brood conflict can 
be thus measured as the difference between the 
investment per offspring that is optimal for the 
parents and the skews introduced by the 
interactions among siblings (see Paragraphs 
1.2 and 1.4).  
 
 
1.2 Sibling interactions over the allocation of 
parental care 
 
In a ideal world, parents would experience no 
uncertainty about the optimal size of their 
family: under conditions of no zygote failure, 
no offspring mortality and perfectly predictable 
resources abundance, they would simply 
produce the exact number of offspring they 
would be able to successfully rear under the 
current environmental conditions. 
Nevertheless, parents in the real world are 
faced with various major problems, spanning 
from the enormous variation of resources 
availability to offspring mortality unrelated to 
parental performance, that can severely affect 
the ideal offspring production. A general 
strategy adopted by parents of disparate, non-
phylogenetically related, taxa to cope with 
unpredictable variation in environmental 
conditions and potential offspring mortality is 
an initial over-production of progeny, followed 
by a secondary adjustment of the brood size via 
mortality of part of the brood, the so-called 
brood reduction (Lack, 1954; O’Connor, 1978; 
Haig, 1990; Mock, 1994; Mock and Forbes, 
1995; Mock and Parker, 1998; see also 
Paragraph 1.3). The amount of both over-
production and ‘sacrifice’ of the progeny, and 
the way whereby parents adjust family size 
widely vary across species, but also across 
population within a species, according to life-
histories and environmental conditions to 
which they are exposed (O’Connor, 1978; 
Forbes, 1993; Mock, 1994; Mock and Forbes, 
1995; Mock and Parker, 1997; 1998).  
Although such general strategy seems costly 
for parents because it entails a waste of 
parental investment, since any dead offspring 
constitute a loss in fitness, theoretical studies 
have proposed at least three, not mutually 
exclusive, evolutionary hypotheses for the 
adaptive significance of progeny over-
production (Mock and Forbes, 1995; Mock and 
Parker, 1997). All proposed mechanisms 
identify ‘core brood’, representing the number 
of young that can normally be raised to 
independence, and ‘marginal brood’ members, 
which can be physically indistinguishable or 
not from the core ones but are anyway less 
valuable in terms of fitness return to parents 
(Mock and Forbes, 1995; Forbes, 2007; see 
also Paragraph 1.3). The Resource-tracking 
Hypothesis (Temme and Charnov, 1987) posits 
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 that parents produce an ‘optimistic’ brood size 
in order to maximize reproductive success 
under unpredictably favourable environmental 
condition during breeding (see also Mock 
1994; Mock and Parker, 1998). According to 
the Offspring Facilitation Hypothesis, marginal 
offspring can contribute to the fitness of 
siblings by helping the core part of the progeny 
to survive and/or reproduce. This evolutionary 
mechanisms has been initially envisaged in the 
context of sibling cannibalism (see Elgar and 
Crespi, 1992), whereas, at the opposite, it has 
been recently suggested that the presence of a 
‘thrifty’ offspring can favour brood mates 
indirectly (e.g. maintaining an high parental 
food provisioning rate or an high temperature 
in the nursery), leading to the evolution of a 
sort of sibling mutualism (Forbes, 2007). 
Finally, the Replacement Offspring Hypothesis 
posits that marginal offspring can function as 
substitutes of the more valuable siblings 
whenever the survival of the latter is impaired 
by external factors, like predation or disease 
(Dorward, 1962; Forbes 1990; 1991; 1993). 
Although the total parental expenditure in a 
given brood usually increases with its size, the 
per capita share of care obtained by individual 
offspring is expected to decline with increasing 
number of heads to be fed (see Clutton-Brock, 
1991; Mock and Parker, 1997 for exhaustive 
overviews), ultimately affecting the offspring 
growth rate (see Ricklefs, 1982; Rodríguez-
Gironés et al., 2001). The amount of resources 
received by each member of the progeny, 
combined with the conditions experienced 
during the rearing period, is crucial in 
determining its growth, physiology and 
viability (Ricklefs, 1982), with potential 
consequences that can eventually carry-over 
into adult life (see e.g. Searcy et al., 2004; 
Blount et al., 2006; Naguib and Nemitz, 2007). 
Competition among siblings occurs when 
brood mates are constrained to share a limited 
space and pool of resources, therefore it is 
mainly concentrated from birth to dispersal 
(Mock and Parker, 1997; 1998). From the point 
of view of individual offspring, each sibling 
can thus be seen as a dangerous competitor for 
the limited resources provided by parents and 
therefore represents a threat for its survival 
prospects. From this starting point common to 
all multiparous species, however, a wide range 
of sibling rivalries can arise according to the 
life-history of different species and rearing 
conditions, ultimately resulting in fairly 
different outcomes of sibling interactions, 
spanning from sibling cannibalism to scramble 
competition for resources (see Mock and 
Parker, 1997 for an exhaustive overview). In 
birds and mammals, competition among 
siblings for parental resources is the norm, and 
can often be lethal to part of the progeny, either 
because of physical aggression leading to 
siblicide (see Mock et al., 1990; Godfray and 
Harper, 1990; Mock and Parker, 1998; 
Drummond, 2002), or because of starvation of 
young and/or weak offspring, whose access to 
parental resources is restrained by stronger 
siblings (Howe, 1976; Sullivan, 1989; Cotton 
et al., 1999). This may occur, for example, by 
jostling for the position that assures the largest 
share of food and/or scrambling mediated by 
begging behaviour (sensu Kilner and 
Johnstone, 1997; Mock and Parker, 1997; see 
also Paragraph 1.4).  
On the other hand, however, siblings can 
also be considered as precious carriers of a part 
of own genome, and thus as important 
contributors in increasing the indirect 
component of own inclusive fitness (Hamilton, 
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 1964). The Inclusive Fitness Theory 
(Hamilton, 1964) sets an evolutionary upper 
limit to selfishness among siblings: an 
‘altruistic’ act should in fact be performed 
when the indirect fitness gain obtained because 
of such an act exceeds the direct fitness cost 
paid in performing it (Hamilton, 1964). In 
mathematical terms, a reduction of selfishness 
is expected to occur whenever rB ≥ C (the 
Hamilton Rule), where B is the net additional 
fitness benefit gained by the recipient of the 
‘altruistic’ act, C is the fitness cost to the 
performer of the act, and r is the coefficient of 
relatedness between the two individuals, 
coinciding with the proportion of their genes 
identical by descent (in the case of full-sibling 
r is 0.5). Therefore, C and rB represent, 
respectively, the direct and indirect fitness 
consequences of an act. The Hamilton Rule has 
been used to explain a wide variety of social 
interactions and the existence of several 
behavioural traits that impose a direct fitness 
cost to the actor, ranging from alarm calls to 
cooperative breeding and courtship strategies 
(see Foster et al., 2006; Gardner, 2011 for 
reviews; but see West et al., 2002). In the 
context of sibling interactions, an offspring is 
therefore expected to reduce consumption of 
common resources when the next unit of 
parental investment would become more than 
twice as beneficial to its full-sibling’s personal 
fitness than to its own. 
As the marginal benefit of acquiring an 
additional unit of parental investment is 
predicted to decrease with increasing individual 
condition (Godfray, 1991; 1995b; Forbes, 
2007), offspring have to trade the indirect 
fitness cost of subtracting resources to their 
siblings against the direct gain of obtaining 
more parental resources. Under an inclusive 
fitness perspective, condition-dependent 
strategies by different members of the progeny 
are expected the evolve: offspring should thus 
be selected to shift their behaviour from 
vigorous competition, potentially leading to the 
death of sibling(s), to moderation of selfishness 
in relation to direct and indirect fitness payoffs. 
The strategy adopted mainly depends on the 
ecological (e.g. abundance of resources) and 
social (e.g. number of competitors) conditions 
to which offspring are subjected during the 
rearing period, as well as on the offspring rank 
the brood hierarchy (O’Connor, 1978; Parker et 
al., 1989; Mock and Parker, 1998; see also 
Paragraph 1.4). In extreme cases, a sibling 
can be more valuable as a food item rather than 
as a carrier of own genes: when resources are 
scant and sibling’s reproductive value is low 
anyway, the siblicide followed by the 
consumption of a potentially viable brood mate 
can be favoured (O’Connor, 1978; Elgar and 
Crespi, 1992). Conversely, offspring in good 
condition, that can benefit from future 
reproduction of their kin, should be prone to 
assure a large share of food to their siblings in 
poor state. However, few empirical studies 
have provided evidence of altruistic behaviour 
among siblings over the allocation of parental 
resources: for example, Stamps et al. (1985) 
have documented that large and well-fed 
nestling budgerigars (Melopsittacus undulatus) 
may actively feed their smaller needy siblings. 
 
 
1.3 Differential parental investment and the 
Sex Allocation Theory 
 
The prediction that parents should invest an 
even amount of resources in each offspring 
because they share with them an equal 
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 proportion of genes is tenable only if all 
members of the progeny have the same 
reproductive value (Smith and Fretwell, 1974). 
Whenever this condition is not fulfilled, 
parents can maximize their fitness by 
preferentially allocating their investment 
towards a part of the progeny (Temme, 1986; 
Haig, 1990). Offspring can differ in quality 
and/or in survival prospects (see also the 
concepts of ‘core’ and ‘marginal’ offspring in 
Paragraph 1.2), and can thus differentially 
contribute to parental fitness: parents are thus 
expected to bias their investment according to 
individual offspring quality so that the 
marginal benefits from additional investment 
would be equal for each offspring (Temme, 
1986). Parents can intervene in adjusting 
investment towards individual offspring at 
different times, from the conception to the 
dispersal of the progeny (Clutton-Brock, 1991; 
Mock and Parker, 1997; Glassey and Forbes, 
2002a). They can firstly generate asymmetries 
in offspring phenotype at birth, by allocating 
differential amount of resources to different 
embryos (Moussesau and Fox, 1998) or, in 
birds, by promoting hatching asynchrony (see 
Magrath, 1990; Stenning, 1996) that 
determines a hierarchy among competing 
offspring (see the concepts of ‘core’ and 
‘marginal’ offspring described in the 
Paragraph 1.2). This initial inequity can later 
be used as a basis for adjustment of parental 
investment, by for example providing more 
food to the more valuable offspring (see Mock 
and Forbes, 1995; Stenning, 1996; Mock and 
Parker 1997; 1998; Glassey and Forbes, 
2002a). Evolutionary theory of parental 
investment therefore posits that natural 
selection should have favoured the evolution of 
the ability of parents to assess offspring 
quality, by using phenotypic traits (e.g. relative 
body mass) that can reflect reproductive value 
(Kilner, 1997; Saino et al., 2000a; 2000b; 
2003a; de Ayala et al., 2007; Dugas, 2009), or 
by exploiting reliable signals (e.g. visual and 
acoustic begging displays) produced by 
offspring to advertise their need and condition 
(Grafen, 1990; Godfray, 1991; 1995b; 
Johnstone, 1999; review in Kilner and 
Johnstone, 1997; see also Paragraph 1.4).  
One important source of variation in 
offspring reproductive value is sex, given that 
sons and daughters may differ in embryo 
development (Sellers and Perkins-Cole, 1987; 
Cook and Monhagan, 2004), in susceptibility to 
rearing conditions or parasites (Nager et al., 
2000; Tschirren et al., 2003; Bize et al., 2005; 
Chin et al., 2005), and have different demand 
of resources because of sexual dimorphism or 
marked differences in physiology, both 
resulting in a sex-specific daily energy 
expenditure or in a differential assimilation of 
food (Martins, 2004; Vedder et al., 2005; see 
Uller, 2006 for a review). In addition, male and 
female offspring may differently benefit from 
current environmental and/or demographic 
circumstances (Greenwood, 1980; Martín et al., 
2008; Dreiss et al., 2010a). In sexual dimorphic 
species, for example, the bigger sex may show 
a greater susceptibility to food shortages (e.g. 
Teather and Weatherhead 1989; Arroyo et al., 
2002), whereas it can be advantaged in size-
mediated competition for food (e.g. Fargallo et 
al., 2003).  
Despite frequency-dependent selection 
should promote a balanced offspring sex ratio 
(i.e. the proportion of male to female 
individuals) (Fisher, 1930), the Sex Allocation 
Theory predicts that can be favoured in 
producing more offspring of the sex that 
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 provides the highest fitness gain (Trivers and 
Willard, 1973; Charnov, 1982; Frank, 1990; 
see Hardy, 2002 for an extensive overview). 
Adaptive sex ratio adjustment are well 
documented in haplodiploid species (Godfray, 
1994; Hardy, 2002), while the application of 
Sex Allocation Theory to vertebrates with 
chromosomal sex determination is still greatly 
debated and controversial (Cockburn et al., 
2002; West and Sheldon, 2002; Ewen et al., 
2004; Cassey et al., 2006). Nevertheless, 
evidence of non-random sex allocation 
consistent with expectations from theoretical 
models has been provided in mammals (e.g. 
Clutton-Brock et al., 1984; Kruuk et al., 1999; 
see also a review in Cameron, 2004) and birds 
(e.g. Komdeur et al., 1997; Kilner, 1998; Nager 
et al., 1999; Saino et al., 2010; see also reviews 
in Hasselquist and Kempenaers, 2002; 
Komdeur and Pen, 2002).  
Although various constraints should limit 
the possibility of skewing offspring primary 
sex ratio, natural selection is expected to favour 
the evolution of mechanisms whereby parents 
can preferentially produce progeny of either 
sex (see Uller, 2006). Indeed, several 
experimental studies have suggested potential 
mechanisms used by parents (mostly by the 
mother) to adjust both primary (i.e. at the time 
of conception) and secondary (i.e. between 
birth and dispersal) sex ratio (reviewed in 
Krackow, 1995; James, 1996; Oddie, 1998; 
Hasselquist and Kempenaers, 2002). Such 
possible mechanisms have been studied 
particularly in birds, where females, which are 
the heterogametic sex, could manipulate 
primary sex ratio by preferentially producing 
gametes containing either of the sex 
chromosomes (Correa et. al., 1995; Badyaev et 
al., 2005), by allocating different amount and 
quality of resources to male and female eggs 
(Pike and Petrie, 2005; Badyaev et al., 2006; 
Saino et al., 2010), or by adjusting the laying 
sequence of the eggs containing male or female 
embryos, thus generating a competitive 
dominance among nestlings of different sex 
that can be subsequently used to bias the 
secondary sex ratio (Badyaev et al., 2006). 
Furthermore, mothers (or parents in species 
with biparental nestling care) could provide 
different food supplies to sons and daughters 
(Lessells, 1998), or tolerate asymmetric 
competition mediated by e.g. within-brood size 
hierarchy and competitive ability (Arroyo et 
al., 2002; Fargallo et al., 2003), ultimate 
resulting in sex-biased mortality before 
dispersal. 
 
 
1.4 Begging behaviour and the resolution of 
intra-familiar conflicts 
 
Begging typically includes a number of 
acoustic, behavioural, morphological and 
chemical displays addressed by altricial young 
to their parents in order to solicit the provision 
of food or other critical resources (see Clutton-
Brock, 1991; Kilner and Johnstone, 1997; 
Mock and Parker, 1997; Wright and Leonard, 
2002). The evolutionary function of begging in 
mediating the resolution of parent-offspring 
conflict and sibling competition over care 
allocation has been widely debated in the last 
decades, and many theoretical models have 
been proposed (e.g. Macnair and Parker, 1979; 
Parker and Macnair, 1978; 1979; Godfray, 
1991; 1995b; Rodríguez-Gironés et al., 1996; 
Johnstone, 1999; 2004; Royle et al., 2002; 
Johnstone and Roulin, 2003). In particular, in 
the context of the evolutionary games between 
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 offspring and parents, begging behaviour is 
considered crucial in affecting the two key 
parental decisions about the amount of 
resources invested in current compared to 
future broods (provisioning, affecting inter-
brood conflict) and in each individual member 
of the current progeny (allocation, affecting the 
intra-brood conflict). 
All models focusing on the resolution of 
intra-familiar conflicts are underpinned by 
three main assumptions (see Mock and Parker, 
1997; Kilner and Johnstone, 1997; Johnstone 
and Godfray, 2002; Royle et al., 2002). First, 
begging is influenced by additional resources 
received by offspring: in particular, begging 
intensity decreases when offspring get fed. 
Second, parents supply resources according to 
begging intensity: higher begging intensity 
therefore secures the offspring with a larger 
amount of resources, which in turn increases its 
direct fitness component. Finally, begging 
displays impose a cost to offspring: such cost 
increases as begging intensity increases, thus 
preventing disproportionately large offspring 
solicitation. 
Historically, two different theoretical 
approaches to how begging behaviour can 
affect parental care can be identified, which 
mainly differ in the role that parents and 
offspring are assumed to play in the proximate 
control of allocation of care (see Kilner and 
Johnstone, 1997; Johnstone and Godfray, 2002; 
Royle et al., 2002; Mock et al., 2011). 
According to the first perspective, parents can 
passively accept the outcome of begging 
intensity escalation among competing 
offspring, making the only ‘passive choices’ of 
allocating resources to the individual member 
of the progeny which has displayed the most 
conspicuous stimulus (but it applies also to 
situations with a single offspring). In the so-
called Scramble Model, begging behaviour has 
evolved as a mechanism to manipulate parental 
food provisioning, whereby offspring try to 
obtain from parents more resources than it 
would be optimal for parents to provide. Such a 
‘pro rata’ model, developed by Macnair and 
Parker (1978; 1979), assumes that parents 
respond to higher levels of begging by 
providing more food, and that offspring beg 
less if fed more, with both such responses 
being fixed. In other words, parents respond to 
an increase of begging solicitation by 
enhancing food provisioning to prevent further 
expensive displays that can compromise 
offspring fitness. At evolutionary equilibrium, 
the ‘pro rata’ model predicts that the amount of 
resources obtained by offspring is a 
compromise between the optima for parents 
and offspring.  
Conversely, in the Honest Signal of Need 
Model, parents have the power of ‘active 
choice’, because they can base decisions about 
the amount of resources to be invested in 
individual offspring largely on reliable 
information of offspring need conveyed by 
begging displays (Godfray, 1991; 1995b; see 
also Johnstone and Godfray, 2002). Godfray’s 
model (1991; 1995b) stipulates that offspring 
can vary in their condition, both in the short-
term (i.e. hunger level; but see Mock et al., 
2011) and in the long-term (i.e. offspring 
quality, that can be measured as the total 
amount of resources needed by an individual to 
reach the independence from parents), which in 
turn cannot be directly determined by parents. 
In addition, the model assumes that the 
marginal benefit of receiving an additional 
fixed amount of food and the cost of 
performing begging solicitation at a fixed level 
14
 increase as the offspring condition decreases. 
Information conveyed by begging displays is 
thus reliable in signalling offspring need, 
because the high cost in performing them 
enforces honesty on advertisement of need. The 
costly nature of begging signals thus prevents 
any begging escalation by offspring in good 
condition, because they would not gain any 
positive marginal fitness return from obtaining 
additional resources. Hence, by exploiting 
begging displays parents can adjust food 
allocation according to the pattern that 
maximizes their own fitness. This argument 
can thus be seen as an application of the 
handicap’s principle proposed by Zahavi 
(1975) in the context of the evolution of sexual 
selected traits, and applied by Grafen (1990) to 
the evolution of biological signals. In the 
Honest Signal of Need Model parents therefore 
always ‘win’ the parent-offspring conflict 
because each offspring receives an amount of 
parental investment coinciding with the 
parental optimum, whereas it necessitates a 
costly signalling system that depresses the 
fitness of the offspring and, consequently, the 
fitness of parents. 
A slight different version of this model, also 
assuming a parental active choice and begging 
as reliable indicator of offspring quality, has 
been proposed verbally by Mock et al. (2011). 
According to such a Signal of Quality Model, 
explicitly based on the work of Grafen (1990), 
parents are expected to skew the investment 
towards offspring that advertise their large 
reproductive value (i.e. large fitness return for 
parents) by condition-dependent signals. The 
Signal of Quality Model, using the words of 
Mock et al. (2011), ‘minimizes the parents’ 
wasting on lost causes’ and it can be 
considered a case of the Godfray’s model that 
fits well to conditions of food shortage and to 
species with high occurrence of brood 
reduction (Mock et al., 2011; see also 
Paragraph 1.3). 
Although being based on a different role of 
begging, which is considered as reliable signal 
of offspring state or not, the two approaches 
provide similar conclusions (both conceptually 
and mathematically) about the cost of begging 
and about the outcome of allocation decisions, 
with individual offspring that beg the most 
receiving the largest share of resources. Such 
conclusions are supported by a plethora of 
correlative and experimental studies on 
different taxa, from invertebrates to birds and 
mammals, demonstrating that begging is costly 
in terms of energy expenditure (e.g. Kilner, 
2001; Rodríguez-Gironés et al., 2001; Moreno-
Rueda and Redondo, 2011; Boncoraglio et al., 
2012; but see Martín-Galvez et al., 2011; see 
also Wright and Leonard, 2002) and overall 
predation risk (e.g. Haskell, 1994; Leech and 
Leonard, 1997; McDonald et al., 2009; see also 
Wright and Leonard, 2002), and that parents 
provide resources according to the intensity of 
begging (reviewed in Kilner and Johnstone, 
1997; Wright and Leonard, 2002; Kilner and 
Drummond, 2007; Mock et al., 2011). 
Furthermore, strong empirical evidence 
supports the assumption that begging can 
reliably convey information about offspring 
need both in the short- and in the long-term 
(see Wright and Leonard, 2002). The short-
term need is mainly related to the level of 
satiation (e.g. Kilner, 1995; Leonard and Horn, 
1998; 2001a; Saino et al., 2000b; Dor and 
Lotem, 2011; but see Mock et al., 2011), while 
differences in long-term need can arise from 
various sources, including body size (Kilner, 
1995; Kacelnik et al., 1995; Cotton et al., 
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 1999), parasite burden (Christe et al., 1996; 
Saino et al., 2000b), hatching asynchrony 
(Zach et al., 1982; Müller et al., 2003), and 
maternal effects (von Engelhardt et al., 2006; 
Loiseau et al., 2008), which potentially reveal 
offspring reproductive value (see e.g. Saino et 
al., 2000a; 2003a; de Ayala et al., 2007; see 
also Paragraphs 1.2, 1.3 and 1.6).  
In the practice, however, testing whether 
begging has evolved as a reliable signal to 
parents or as a consequence of a scramble 
between parents and offspring is difficult. In 
uniparous species a signaling function of 
begging seems more likely. However, although 
the Godfray’s argument can be applied also 
when offspring are produced in brood (see 
Godfray, 1995b), in such circumstances several 
form of selfishness can intervene in subverting 
parental authority (Parker et al., 1989; Mock 
and Parker, 1998), possibly resulting in a 
marked deviation from the allocation that 
would correspond to the parental optimum. It is 
likely that several real-world instances are best 
explained as a compromise between the two 
different models (see Mock and Parker, 1997; 
1998; Johnstone and Godfray, 2002), with 
parents trying to maximize their own fitness 
and offspring managing to influence parental 
allocation decisions by, for example, keeping 
the position in the nest that assures the largest 
share of food (see e.g. Kacelnik et al., 1995; 
Kilner, 1995; Cotton et al., 1999).  
Competition among siblings is therefore 
considered as a major determinant of begging 
behaviour and of the outcome of food 
allocation: begging levels are in fact expected 
to increase with the number of competitors 
(Macnair and Parker, 1979; Godfray, 1995b; 
Rodríguez-Gironés et al., 1996; 2001; Wright 
and Leonard, 2002; see e.g. Leonard et al., 
2000; Neuenschwander et al., 2003; Kim et al., 
2011 for empirical supports). In animal 
systems where lethal competition does not 
occur, two main forms of sibling rivalry can be 
identified: scramble competition and 
hierarchical competition. Scramble competition 
occurs among offspring with similar 
competitive ability and the individual success 
in receiving food is strictly dependent on own 
current begging level compared to brood mates. 
Hierarchical competition occurs whenever a 
strong dominance (e.g. mediated by offspring 
size and/or hatching asynchrony in birds) 
among offspring exists and the allocation of 
food is thus under the control of the most 
competitive individual(s) (Mock and Parker, 
1997; Wright and Leonard, 2002; see also 
Paragraphs 1.2, 1.3 and 1.6). In the scramble 
model, begging strategies of individual 
offspring are predicted to vary according to 
competitive ability relative to siblings, to the 
balance between direct and indirect costs and 
benefits of subtracting food to kin, and to 
current level of need (see e.g. Rodríguez-
Gironés et al., 1996; 2001; Price et al., 2002). 
Conversely, in the hierarchical model begging 
strategies should depend on the rank of 
individual offspring: smaller, marginal 
individuals (i.e. individuals with larger long-
term need) generally beg more but obtain less 
food compared to dominant, larger brood mates 
which, in turn, can monopolize resources and 
modulate competitive effort in order to 
maximize their own fitness according to their 
relative satiation level compared to brood 
mates (Glassey and Forbes, 2002a; Price et al., 
2002; but see Bonisoli-Alquati et al., 2011). 
It is therefore widely acknowledged that 
individuals do modulate their begging 
according to the presence and/or behaviour of 
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 brood mates. Despite an escalation of begging 
intensity is expected to occur in large broods 
(see e.g. Smith and Montgomerie, 1991; 
Kacelnik et al., 1995; Price, 1996; 
Neuenschwander et al., 2003; Kim et al., 
2011), recent theoretical (Johnstone, 2004; 
Forbes, 2007) and experimental studies 
(Mathevon and Charrier, 2004; Bell, 2007; 
Madden et al., 2009; Marques et al., 2011) 
have pointed out that individual begging 
behaviour does not always vary in the direction 
of an increase in intensity in response to the 
rising begging levels of brood mates. An 
intriguing alternative is the so-called 
‘cooperative begging’ (Johnstone, 2004): when 
begging functions as a constant stimulus to 
influence the total parental food provisioning, 
offspring may cooperate to maintain an overall 
level of begging. In such circumstances, any 
individual offspring is expected to decrease its 
begging intensity when begging levels of brood 
mates increase, resulting in an overall per 
capita lower begging intensity (see e.g. 
Mathevon and Carrier, 2004; Bell 2007; 
Madden et al., 2009).  
 
 
1.5 Parent-absent begging 
 
Besides addressing begging displays towards 
attending parents, offspring of several bird 
species have been observed to perform begging 
also when parents are not in the proximity of 
the nest (Clemmons, 1995; Budden and 
Wright, 2001; Leonard and Horn, 2001b; 
Leonard et al., 2005; Bulmer et al., 2008; 
Rivers et al., 2009; Roulin et al., 2009; Dreiss 
et al., 2010b). Since the so-called ‘parent-
absent begging’ does not provide any evident 
benefit because it is not immediately linked to 
parental food provisioning while potentially 
increasing the costs of performing begging 
(Leonard and Horn, 2001b; Leonard et al., 
2005), it has been considered as a misdirected 
behaviour, caused by low sensitivity in 
correctly detecting parental feeding visits 
(Leonard and Horn, 2001b; Leonard et al., 
2005), especially in young nestlings (Budden 
and Wright, 2001; Dor et al., 2007; but see 
Leonard and Horn, 2001b). However, it has 
also been suggested that such behaviour can 
adaptively function to minimize the cost of 
missing parental feeding visits (Dor et al., 
2007).  
However, it has also been hypothesized that 
parent-absent begging serves to promote 
adaptive ‘negotiation’ among siblings about the 
optimal outcome of subsequent events of 
competition for parental resources (Sibling 
Negotiation Hypothesis: Roulin et al., 2000; 
Johnstone and Roulin, 2003; Roulin, 2004; 
Roulin et al., 2009; Dreiss et al., 2010b). 
Offspring might thus signal to each other their 
individual state and willingness to compete for 
the next indivisible food item delivered by 
parents. Therefore, by means of parent-absent 
begging, each individual can potentially assess 
the payoffs of sib-sib competition, and adopt 
optimal trade-offs between escalating begging 
intensity during the next feeding event(s) to 
outcompete nest mates and refraining from 
competing with needier siblings, since its own 
chances of being fed should be low (Roulin et 
al., 2000; Johnstone and Roulin, 2003; Roulin, 
2004; Roulin et al., 2009; Dreiss et al., 2010b). 
Demonstration of the existence of a negotiation 
for parental resources among offspring has 
been provided only in one species, the barn owl 
(Tyto alba), while in other model systems 
evidence is lacking. 
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 1.6 Factors affecting begging and phenotypic 
quality in nestling birds 
 
When attending parents arrive to the nest with 
food, a cacophonous symphony of loud 
vocalizations, accompanied by the display of 
brightly coloured open gapes and intense, 
vigorous movements welcome them. Nestlings 
of many bird species in fact solicit parental 
care by simultaneously combining diverse 
visual and acoustic stimuli, thus making 
begging behaviour a very complex multi-
component signal (e.g. Leonard et al., 2003; 
Kim et al., 2011; see a review in Kilner, 2002).  
The evolution of different begging displays 
has been favoured because complex signals 
may improve the efficacy of communication 
and thus induce stronger responses (Rowe, 
1999), or because they may provide receivers 
with reliable information about the condition of 
the signaller, particularly when every 
component carries information on different 
aspects of general state of the signaller 
(Johnstone, 1995; 1996; see Sacchi et al., 2001 
for empirical support). In addition, multiple 
elements may provide redundant information, 
thus reducing perceptual errors, or be necessary 
to maintain reliable signalling throughout the 
entire nestling period (Kilner, 2002).  
Experimental studies have provided 
evidence that single components of begging 
may have different functions in affecting 
parental food provisioning and allocation and 
may thus have evolved independently (Leonard 
et al., 2003; Kim et al., 2011). It has been 
suggested that acoustic displays (e.g. calls and 
vocalizations) influence food provisioning rate 
(Burford et al., 1998; Leonard and Horn, 
2001c; Leonard et al., 2003; but see Clark and 
Lee, 1998), that postural displays (e.g. 
posturing and jostling) have an important role 
in determining the share of food among 
nestlings (Redondo and Castro, 1992; Kacelnik 
et al., 1995; Cotton et al., 1999), while 
chromatic traits (e.g. gape and flanges colour) 
seem to favour nestlings detectability in the 
nest (Ingram, 1920; Kilner and Davies, 1998; 
Avilés et al., 2008). However, different 
elements of begging may reciprocally interact 
in enhancing transmission of information about 
signallers, thus rendering the complex signal 
more profitable to be used by parents (Rowe, 
1999; Glassey and Forbes, 2002b; see also 
Kilner, 2002). The intensity of visual (both 
gaping and posturing) and vocal components 
usually varies jointly according to nestling 
hunger, poor physical condition and begging of 
nest mates, indicating that different elements 
can act together in order to enforce parental 
response (Kilner et al., 1999; Glassey and 
Forbes, 2002b; Boncoraglio et al., 2009).  
In birds, various factors, other than the 
number of competitors in the nest, have been 
demonstrated to potentially affect the 
expression of begging behaviour. On one hand, 
such factors can contribute to generate different 
categories of offspring in the brood (see 
Paragraphs 1.2, 1.3 and 1.4) and thus to affect 
the within-brood competitive environment and 
the individual begging strategies (e.g. sex, 
hatching asynchrony, maternal effects; 
reviewed in Glassey and Forbes, 2002a). On 
the other hand, parental decisions over time 
and place of breeding can considerably 
influence the rearing environment (e.g. food 
abundance and quality, parasites, predators) to 
which all the offspring are exposed, possibly 
resulting in variation of individual phenotypic 
quality and, therefore, begging behaviour. 
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 The importance of sex in determining 
offspring resource demands and/or daily energy 
expenditure, and sex-specific susceptibility to 
environmental conditions has been explained in 
the Paragraph 1.3 (see also Hardy, 2002). 
Sex-related food demands by offspring may 
result in marked differences in the begging 
strategies by sons and daughters. Indeed, 
experimental studies have disclosed differences 
in begging behaviour by male and females 
nestlings (e.g. Saino et al., 2003b; 2008; 
Boncoraglio et al., 2008) and sex-related 
asymmetries in competitive abilities, that may 
ultimately cause a mortality bias towards the 
less competitive sex (Teather and 
Weatherhead, 1989; Arroyo et al., 2002; 
Fargallo et al., 2002; 2003).  
Another important factor in moulding 
begging behaviour in birds, generating 
asymmetries in offspring phenotype, is 
hatching asynchrony (see e.g. Magrath, 1990; 
Stenning, 1996): in general, late-hatched 
nestlings are smaller and qualitatively inferior 
than early-hatched siblings (e.g. Saino et al., 
2001; Müller et al., 2003; see also Glassey and 
Forbes, 2002a; Paragraphs 1.2 and 1.3). As 
also described in Paragraph 1.4, smaller 
offspring usually beg at higher intensity but 
suffer restricted access to limiting parental 
resources compared to their larger, 
competitively superior nest mates (e.g. 
Kacelnik et al., 1995; Cotton et al., 1999), 
unless parents have evolved strategies to 
counteract such asymmetry, by producing eggs 
increasing in size and allocating maternal 
effects according to laying order (Saino et al., 
2001; Saino et al., 2002; Eising and Groothuis, 
2003; Ferrari et al. 2006), or by preferentially 
feeding smaller individuals (Stamps et al., 
1985; Bonisoli-Alquati et al., 2011). 
Nevertheless, late-hatched nestlings have 
typically inferior survival prospect, especially 
when ecological conditions are severe or when 
parasites are abundant (Spear and Nur, 1994; 
Cotton et al., 1999; Müller et al., 2003). 
Individual competitive ability can also be 
markedly affected by the amount and quality of 
resources allocated by the mother to the eggs 
(Eising and Groothuis, 2003; von Engelhardt et 
al., 2006; Loiseau et al., 2008). Such maternal 
effects include hormones and other substances, 
like antioxidants and vitamins, and can have 
immediate consequences not only on offspring 
begging and aggressive behaviour (Eising and 
Groothuis, 2003; von Engelhardt et al., 2006; 
Loiseau et al., 2008), but also on early 
development, physiology, and viability (see 
e.g. de Ayala et al., 2006; reviews in Williams, 
1994; Mousseau and Fox, 1998; Groothuis et 
al., 2005), with carry-over consequences on 
performances also later in life (Alonso-Alvarez 
et al., 2006; Rubolini et al., 2006; reviews in 
Mousseau and Fox, 1998; Lindström, 1999). 
With reference to the environmental 
conditions that can affect begging strategies via 
effects on individual development and 
physiology, the most crucial factor is the 
availability of resources. A large number of 
studies has shown that several aspects of the 
nestling phenotype, including immuno-
competence (Saino et al., 1997; Norris and 
Evans, 2000; Brzek and Konarwzesky, 2007), 
antioxidant protection (Alonso-Alvarez et al., 
2007), metabolic rates and growth trajectories 
(Fargallo et al., 2002; Searcy et al., 2004), 
strictly depend on the amount and quality of 
food provided by parents, that in turn is mainly 
determined on the environmental availability of 
resources (see also Paragraph 1.7).  
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 Finally, given their pervasiveness in natural 
environments, parasites are an additional 
important source of variation in nestling long-
term need. A plethora of different ecto- and 
endo-parasites can attack birds especially 
during growth, when individuals are relatively 
naïve to exogenous antigens and pathogens, 
with several detrimental effects on 
development and survival (Tschirren et al., 
2003; Fitze et al., 2004; Martinez-Padilla et al., 
2004). In nestling birds, parasite burden can be 
mirrored by different components of begging: 
begging rate and chromatic traits, for example, 
have been suggested to reveal the exposure of 
nestlings to both ecto- (Christe et al., 1996) and 
endo-parasites (Saino et al., 2000a; 2000b). 
 
 
1.7 Parental decisions over reproduction and 
long-term fitness consequences on offspring 
 
The conditions experienced during early life, 
including parental care received and 
competition with brood mates, are therefore 
fundamental in determining individual 
developmental trajectories and survival to the 
independence from parents (see above). 
However, large differences in lifetime 
reproductive success among individuals, via 
variation in viability and/or breeding 
performance, can also depend on differences in 
the conditions under which growth from birth 
to sexual maturation take place (Lindström, 
1999; Metcalfe and Monaghan, 2001; Ricklefs 
et al., 2006; Cam et al., 2011).  
Rearing environment is mainly determined 
by differences in parental quality and 
environmental conditions, that in turn may 
partly depend on the phenotypic quality and the 
age of parents. Parental habitat selection affects 
the spatial environment in which offspring are 
reared. In addition, maternal choice of breeding 
date considerably influences the temporal 
environment in which the offspring will 
develop, and it is particularly important in 
seasonally varying environments where 
ecological conditions typically deteriorate as 
the breeding season progresses (see Dubiec and 
Cichoñ, 2001; Grüebler and Naef-Daenzer, 
2008; Verhulst and Nilsson, 2008). Both spatial 
and temporal breeding decisions, combined 
with the parental investment towards the 
progeny (potentially skewed by competition 
among siblings; see above), thus determine the 
perinatal environment, because they affect the 
amount and the quality of food and the extent 
of maternal effects, as well as the presence of 
predators and parasites.  
In birds, diverse environmental factors 
experienced in the nestling period have been 
related with phenotypic quality in adulthood, 
ultimately determining difference in lifespan, 
sexual attractiveness and breeding 
performance. Spatial and temporal variation of 
the natal site (Cam et al., 2003; van de Pol et 
al., 2006), as well as nutritional conditions 
(Birkhead et al., 1999; Blount et al., 2006; 
Naguib and Nemitz, 2007) and the occurrence 
of parasites (Eraud et al., 2009) during early 
life have been demonstrated to influence 
growth and viability, and then impact on adults 
in various ways. In addition, differential 
parental investment on individual members of 
the progeny, like the maternal effects allocated 
to eggs (Alonso-Alvarez et al., 2006; Naguib et 
al., 2006; Rubolini et al. 2006; Noguera et al., 
2012) and the duration of parental care 
received (Cam et al., 2003), have been shown 
to have important carry-over effects until 
sexual maturity. 
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 Outline of the study 
 
The present study is divided into three parts. 
The first part (Chapters 1-3) is concerned with 
the consequences of intra-family 
communication in an altricial bird species, the 
barn swallow (Hirundo rustica), with special 
focus on the factors that can influence the 
expression of begging behaviour (e.g. sex, 
hunger level, immune challenge, level of need 
of nest mates), and thus mediate sibling 
competition and parental food allocation, and 
ultimately cause variation in offspring general 
state and growth trajectories. 
In Chapter 1, I have examined begging 
behaviour by barn swallow nestlings in relation 
to siblings’ need in order to investigate state-
dependent expression of selfish/altruistic 
behaviour among siblings. I have compared 
begging behaviour and number of feedings 
received by dyads of nestlings in two different 
conditions: after both had been fed normally 
and after one of them had been food-deprived. 
The main aim of this study was therefore to 
evaluate whether nestlings in good condition 
reduced their competitive effort when facing a 
sibling after a period of food deficiency, thus 
favouring the access to food by needy kin and 
gaining indirect fitness benefits.  
In Chapter 2, I have investigated the 
function of sib-sib interactions mediated by a 
peculiar form of within-brood communication 
that occurs in the absence of parents (the so-
called parent-absent begging), both under 
normal and experimentally reduced food 
intake. In an experiment involving dyads of 
nestlings, I have particularly focused my 
attention on the effects of parent-absent 
begging on the competitive behaviour of 
interacting siblings and its consequences for 
access to food, possibly demonstrating a partial 
control on the allocation of parental investment 
by the offspring. 
Chapter 3 deals with the sex-related effects 
of an immune challenge on body and feather 
growth as well as on the expression of 
morphological (i.e. palate and flanges 
coloration) and behavioural (i.e. postural 
intensity) begging displays involved in parent-
offspring communication and competition 
among siblings. I have experimentally 
manipulated offspring condition by exposing 
the nestlings to an endotoxin extracted from 
bacterial cell walls (Escherichia coli 
lipopolysaccharide, LPS), aiming at evaluating 
whether begging displays, both under normal 
food provisioning regime and under food 
shortage, can convey reliable information about 
bacterial infection, and can affect the patterns 
of parental food allocation towards each 
individual member of the progeny. 
The second part of the thesis (Chapters 4-5) 
is focused on variation of parental investment 
towards offspring of either sex according to 
spatial heterogeneity and seasonality of 
ecological conditions in two passerine birds, 
the barn swallow and the common starling 
(Sturnus vulgaris). In Chapter 4, I have 
examined variation in the proportion of male 
and female offspring fledged from first and 
second broods of the same barn swallow 
breeding pairs in relation to the nesting habitat 
quality. In particular, I have analyzed whether 
parents breeding in colonies in good ecological 
conditions (e.g. surrounded by large extent of 
hayfields, the main foraging habitat for this 
insectivorous bird) and with different 
demographic trend produced an unbalanced sex 
ratio consistent with adaptive sex allocation 
strategies, thus favouring the sex with smaller 
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 natal dispersal and thus more likely to benefit 
from local environment. 
Chapter 5 deals with seasonal variation in 
growth patterns, offspring quality and fledging 
prospects of male and female nestlings of the 
common starling. I have measured body mass, 
tarsus and feather growth during ontogeny as 
well as the antioxidant response to an immune 
challenge (LPS endotoxin) and hematocrit (i.e. 
proportion of red blood cells over total blood 
volume) in order to describe the between-sexes 
variation in nestling condition and mortality 
during the progression of the breeding season, 
potentially reflecting differential parental 
investment by parents or sex-related pattern of 
intra-brood hierarchy.  
In the third part of the thesis (Chapters 6-7) 
I have considered the carry-over effects of 
rearing conditions on longevity and 
reproductive success in the short-lived barn 
swallow. More specifically, in Chapter 6 I 
have investigated the role of hatching date, 
natal colony and individual condition relative 
to nest mates (e.g. immune response and body 
size), in determining lifespan and lifetime 
reproductive success (i.e. the number of 
nestlings successfully fledged).  
Finally, Chapter 7 is focused on 
preliminary analyses concerning potential long-
term effects on breeding performance at sexual 
maturation (i.e. 1 year old) of a bacterial 
immune challenge during the early post-natal 
stage. I have compared the reproductive 
success at first breeding attempt of individuals 
exposed to a bacterial endotoxin (i.e. injection 
of lipopolysaccharide) when nestlings or to a 
control treatment (i.e. injection of phosphate-
buffered saline solution) when recruited in the 
natal site as breeding adults. 
To conclude, I provide a synthetic overview 
of the main findings which are discussed in 
detail in the text.  
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          
       
              
         
       

 

  
 
 

         
           
             
           
          
             
         
           
        
          
      
         
         
          
        
          
         
             
           
           
   

      
        
       
        
       
          
         
       
       
       
       
        
           
       
      
       
      
       
       
         
      
         
       
     
     
       
     
          
       
      
       
       
       
         
 
     
     
                                 
                        
 
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      
        
       
       
         
          
       
        
        
        
           
      
      
      
    
       
        
      
         
         
       
    
          
      
       
        
         
          
       
       
          
       
         
        
          
       
       
       
       
       
        
       
        
         
         
      
       
         
         
      
  
    
          
       
         
        
       
        
       
      
        
     
      
      
  
         
       
       
      
         
         
        
         
        
         
      
      
     
      
     
           
        
         
        
      
         
         
       
          
       
         
         
        
      
        
   
       
      
        
        
         
       
         
         
        
       
       
       
       
       
        
                                  
                        
    
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       
       
       
        
        
         
         
        
         
            
          
        

       
        
         
          
          
        
         
        
       
        
          
       
          
         
       
       
        
      
           
           
       
         
 
      
        
        
        
        
        
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        
      
         
    
       
       
        
                                 
                        
     
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        
         


      
          
        
         
          
          
          
        
  
      
        
       
      
     
       
        
         
          
        
       
        
        
        
       
       
        
        
          
      
       
        
        
       
      
        
       
       
      
        
       
            
           
       
         
        
        
      
       
        
       
       
      
        
       
       
      
         
       
         
        
       
      
         
          
      
        
          
     
        
        
          
          
        
          
        
        
          
        
           
         
       
        
           
         
     
     
 
       
       
  
 
      
   
       
       
  
 
      
   
       
       
  
 
      
      
        
 
                                  
                        
    
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   
       
        
          
         
     
           
         
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       
          
           
          
      
       
       
       
         
       
      
         
        
       
       
       
       
         
       
         
           
         
        
          
         
          
        
       
       
        
         
        
        
   
     
        
      
     
     
     
       
        
        
      
        
     
      
                                  
                        
    
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       
        
      
       
      
       
         
      
         
        
    
       
       
     
       
         
       
         
        
       
     

         
         
        
     
       
      
     

       
    
         
        
 
        
      
       
        
       
         
        
        
       
        
         
        
     
          
        
         
        
    
          
       
       

          
        
        
 
        
        
       
         
        
  
          
      
         
       
  
         
        
  
         
       
       
 
        
      
      
       
          
      
        
        

         
  
          
    
         
      
       
 
         
    
       
       
      
       
         
        
     
           
         
 
           
        
    
         
        
       
        
        
 
                                 
                        
     
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          
      
        
         
 
          
         
          
          
  
 
       
    
        
         
       
      
  
         
     
       
       
       
     
     
    
       
                                  
                        
    
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SUPPORTING INFORMATION 
 
Table S1. Mixed models reporting the effects of nestling status (FD or NFD), feeding trial (BFD or AFD), interval and 
their two- and three-way interactions on begging intensity, proportion of no-begging events, and number of feedings 
received. Table also reports the effect of feeding trial, interval and their interaction on the proportion of feedings 
received by NFD nestlings. See Methods for details on mixed modelling procedures. 
 
_______________________________________________________________________________________________ 
 
F  df  P 
_______________________________________________________________________________________________ 
 
Begging intensity 
Nestling status       1.07  1, 21  0.313 
Feeding trial     11.93  1, 21  0.002 
Interval      11.28  2, 21              < 0.001 
Nestling status × Feeding trial   14.16  1, 21  0.001 
Nestling status × Interval      0.71  2, 21  0.505 
Interval × Feeding trial      5.55  2, 21  0.012 
Nestling status × Feeding trial × Interval    3.57  2, 21  0.046 
 
Proportion of no-begging events 
Nestling status       6.71  1, 21  0.017 
Feeding trial       0.00  1, 21  0.955 
Interval        1.81  2, 21  0.187 
Nestling status × Feeding trial   10.24  1, 21  0.004 
Nestling status × Interval      2.84  2, 21  0.081 
Interval × Feeding trial      1.46  2, 21  0.254 
Nestling status × Feeding trial × Interval    6.20  2, 21  0.008 
 
Number of feedings received 
Nestling status       4.90  1, 21  0.038 
Feeding trial       7.16  1, 21  0.014 
Interval        0.22  2, 21  0.803 
Nestling status × Feeding trial   19.03  1, 21              < 0.001 
Nestling status × Interval      2.80  2, 21  0.083 
Interval × Feeding trial      0.16  2, 21  0.854 
Nestling status × Feeding trial × Interval  10.86  2, 21              < 0.001 
 
Proportion of feedings received by NFD nestlings 
Feeding trial     10.60  1, 21  0.004 
Interval        1.51  2, 21  0.245 
Interval × Feeding trial      6.01  2, 21  0.009 
_______________________________________________________________________________________________ 
 
 
43
Variation in begging intensity between the 
BFD and AFD trials 
 
We analyzed the variation in the frequency of 
each category of begging score between the 
BFD and the AFD trial. Overall, the frequency 
of the different score categories differed 
between trials (multinomial mixed model with 
nestling identity as a random effect and feeding 
trial as a fixed factor, F1,21 = 10.73, P = 0.004). 
Specifically, the frequency of highest begging 
score (score 3) was larger in the BFD (43.9% 
of BFD begging events) compared to the AFD 
trial (33.2% of AFD begging events), whereas 
the frequency of score 2 was larger in AFD vs. 
BFD trial (37.6% vs. 29.9%). The frequency of 
begging scores 0 and 1 did not markedly differ 
between BFD and AFD trials (19.2% vs. 19.8% 
and 7.0% vs. 9.4%, respectively). 
 
Body mass variation in relation to feedings 
received during the AFD trial 
 
We evaluated whether the larger increase in 
body mass by the FD nestling in the AFD trial 
was caused by an ‘empty gut’ effect, implying 
a reduced defecation rate after the brief period 
of starvation: in this case, we might expect a 
larger mass gain per unit of food ingested by 
the FD nestlings compared to the NFD ones 
during the AFD trial. However, the slope of the 
relationship between mass variation and 
feedings received did not significantly vary 
according to nestling status (effect of the 
interaction between nestling status and number 
of feedings received, mixed model: F1,21 = 
1.36, P = 0.25; model-estimated slopes: FD 
nestlings, 0.06 ± 0.02 SE, t21 = 3.82, P = 0.001; 
NFD nestlings, 0.04 ± 0.02 SE, t21 = 2.51, P = 
0.020). Moreover, the main effect of nestling 
status was far from statistically significant 
(F1,21 = 0.01, P = 0.93), implying that the larger 
body mass gain by FD nestlings in the AFD 
trial disappeared when controlling for the 
number of feedings received. Thus, the larger 
mass gain by the FD nestling in the AFD trial 
was entirely due to the number of feedings 
received rather than different defecation rate 
compared to NFD nestmates. 
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for sibling competition in the barn swallow 
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ABSTRACT 
In species with parental care, competition among siblings for access to limiting parental resources 
is common. Sibling competition can be mediated by begging displays, which are addressed to the 
parents upon care provisioning, but can also be performed in the absence of the attending parents. 
This so-called parent-absent begging (PAB) may potentially affect intra-brood competition 
dynamics for access to food. We investigated the role of PAB on sibling interactions and its effect 
on food intake in barn swallow (Hirundo rustica) nestlings both under normal and experimentally 
reduced food intake. Frequency of PAB increased after food deprivation. Nestlings that had 
performed PAB increased their begging intensity upon the subsequent parental feeding visit, while 
siblings reduced their own begging level, but only when they had not been food-deprived. As a 
consequence, nestlings which had performed PAB before parental arrival had larger chances of 
receiving food. However, nestlings did not benefit from displaying PAB when competing with 
food-deprived siblings. Our findings indicate that PAB reliably reflects need of food and 
willingness to vigorously compete for the subsequent food item. By exploiting siblings’ PAB 
displays, nestlings may optimally balance the costs of scrambling competition, the direct fitness 
gains of being fed and the indirect fitness costs of subtracting food to needy kin. However, large 
asymmetries in satiation between competitors may lead individual offspring to monopolize 
parental resources, irrespective of PAB displays. 
 
1. Dipartimento di Bioscienze, Università degli Studi di Milano, Milan, Italy 
2. Department of Zoology, University of Cambridge, Cambridge, UK 
 
 
 
INTRODUCTION 
 
Life-history strategies that maximize individual 
fitness may differ among family members 
(Clutton-Brock, 1991; Stearns, 1992). In 
species with parental care, the per capita share 
of resources received by an individual 
offspring progressively declines with 
increasing family size (Mock and Parker, 
1997). Whenever the overall food demand by 
the progeny exceeds the availability of parental 
resources, conflicts of interest and competition 
among siblings over access to limited resources 
are expected to occur. 
Sibling competition can be severely 
detrimental to part of the progeny, either 
because of physical aggression or starvation of 
younger/weaker offspring, whose access to 
parental resources is restrained by more 
competitive siblings (Wright and Leonard, 
2002). In several taxa solicitation of care 
provisioning and competitive interactions 
among the offspring are mediated by begging 
displays (Kilner and Johnstone, 1997; Wright 
and Leonard, 2002). In birds, ‘begging’ may 
include diverse behavioural and morphological 
displays addressed by the young to their 
parents to solicit provisioning of care (Kilner 
and Johnstone, 1997; Wright and Leonard, 
2002). The function of begging in the 
resolution of sibling conflicts is still vividly 
debated (e.g. Godfray, 1991;1995; Johnstone, 
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1999; Mock et al., 2011): irrespective of 
considering begging as an honest signal 
allowing parents to identify the neediest 
offspring in the brood (Godfray 1991; 1995), or 
as a means by which siblings gain access to 
parental resources via scrambling interactions 
(Macnair and Parker, 1979; Parker and 
Macnair, 1979), experimental studies have 
consistently demonstrated that higher begging 
intensity secures individual offspring a larger 
share of resources (reviewed in Mock et al., 
2011), which in turn increases their direct 
fitness. However, such benefits are expected to 
decrease with increasing individual condition 
(e.g. Godfray, 1991). Moreover, higher 
begging intensity entails the offspring with 
larger costs of displaying (e.g. physiological 
costs: Boncoraglio et al., 2012) and potentially 
increases the starvation risk of outcompeted 
siblings (e.g. Cotton et al., 1999). Thus, 
offspring are selected to strike the optimal 
balance between selfish exploitation of parental 
resources and altruism towards kin according 
to variation in their own condition relative to 
that of the competing siblings (Romano et al., 
2012).  
Besides begging towards attending parents, 
offspring of several bird species perform 
begging also when parents are not present, the 
so-called ‘parent-absent begging’ (PAB). Being 
not immediately connected to parental food 
provisioning, PAB has been regarded as a 
misdirected behaviour, possibly functioning to 
minimize costly misses of parental feeding 
visits by needy nestlings (Budden and Wright, 
2001; Leonard and Horn, 2001; Leonard et al., 
2005; Dor et al., 2007). An intriguing 
alternative interpretation envisages PAB as a 
means that siblings adopt to negotiate access to 
parental resources at subsequent provisioning 
events (Roulin et al., 2000; Johnstone and 
Roulin, 2003; Roulin, 2004; Roulin et al., 
2009; Dreiss et al., 2010). According to this 
‘Sibling Negotiation Hypothesis’ (Roulin et al., 
2000; Johnstone and Roulin, 2003), offspring 
might signal to each other their individual state 
and willingness to compete for the next 
indivisible food item and reciprocally modulate 
competition effort accordingly, in order to 
maximize individual inclusive fitness (Roulin 
et al., 2000; Johnstone and Roulin, 2003; 
Roulin et al., 2009; Dreiss et al., 2010). 
We investigated the effects of spontaneous 
occurrences of PAB on sibling begging upon 
parental food provisioning and food intake in 
altricial nestlings of the barn swallow (Hirundo 
rustica), an insectivorous passerine with 
biparental care. In this species, parents feed a 
single offspring at each provisioning visit to 
the nest, and access to food cannot be 
monopolized by individual nestlings by e.g. 
occupying advantageous positions in the nest 
(pers. obs.), as conversely occurs in cavity-
nesting species (e.g. Cotton et al., 1999). Sib-
sib competition for access to food is mediated 
by the intensity of calling, gaping and 
posturing upon food provisioning visits 
(Boncoraglio et al., 2009; Romano et al., 2011; 
2012), but nestlings also perform PAB between 
feeding visits, with ca. 30% of feeding visits 
preceded by PAB events in full broods (our 
unpubl. data). Begging intensity increases with 
hunger, and parents preferentially feed the 
nestlings that beg the most (Boncoraglio et al., 
2009; Bonisoli-Alquati et al., 2011; Romano et 
al., 2011). Nestlings adjust their competitive 
behaviour according to the payoffs of 
increasing begging intensity to obtain 
additional food versus drawing back and 
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favouring a needy sibling (Romano et al, 
2012). 
We performed feeding trials whereby pairs 
of similar-sized nestlings were first tested 
under a normal food provisioning regime. The 
same pairs of nestlings were then tested under 
different satiation conditions, by temporarily 
food-depriving one of them before the start of 
the trial. We first tested whether PAB reliably 
reflects offspring need, as observed in other 
species (Roulin et al., 2001; Bulmer et al., 
2008; Rivers, 2009). If this is the case, PAB 
rate should increase with increasing hunger 
level, and begging by individual nestlings upon 
parental visits should be more intense if they 
had previously performed PAB. Secondly, we 
examined whether nestlings respond to PAB of 
their siblings by reducing begging intensity 
during the subsequent feeding event, which is 
expected if nestlings modulate begging efforts 
in response to their siblings’ contingent need 
(Romano et al., 2012). As a consequence, 
nestlings should benefit from performing PAB 
by increasing their food share at the very next 
provisioning visit. Finally, in line with the 
above reasoning, we might expect food-
deprived nestlings to be less sensitive to PAB 
by non-food-deprived siblings, i.e. they may 
not decrease begging intensity at parental 
feeding visits when their non-food-deprived 
nestmates perform PAB. 
 
 
MATERIAL AND METHODS 
 
Experimental procedures and behavioural 
observations 
 
This study was carried out between June and 
August 2011 in two colonies (= farms) located 
near Milano (Northern Italy). Nests were 
visited every second day to record breeding 
events. At 7-11 days of age (day 0 = day of 
hatching of the first egg) we ringed all 
nestlings and measured their body mass 
(nearest 0.1 g). The two nestmates that had the 
smallest difference in body mass (‘focal 
nestlings’) were selected to be tested in feeding 
trials, which started on the day of 
measurement. Trials were started when 
nestlings were 7 (n = 1 nest), 8 (n = 5), 9 (n = 
2), 10 (n = 8), or 11 (n = 6) days old. When 
three or more nestmates had the same 
difference in body mass, the choice was 
randomized. Hence, nestlings with similar 
competitive ability as mediated by size were 
chosen (see Bonisoli-Alquati et al., 2011).  
We videotaped the same pair of nestlings 
during two feeding trials. Before the first trial, 
both nestlings had been fed under a normal 
provisioning regime (hereafter, ‘before food 
deprivation’ trial, BFD); before the second trial 
(hereafter, ‘after food deprivation’ trial, AFD), 
either, randomly chosen, nestling was food-
deprived for 120 min by removing it from the 
nest. To avoid any potential effect of food 
deprivation on body mass and hierarchy among 
nestmates, AFD trials were always performed 
the day after BFD trials. 
Feeding trials started between 10:00 and 
11:00 A.M., and were conducted as follows: 
focal nestlings were made individually 
recognizable by temporarily marking them with 
two small white spots on their head and left in 
the nest for 90 min to compete for food. Non-
focal nestlings were removed from the nest and 
kept in a safe place at ambient temperature. 
After the trial, all nestlings were returned to the 
nest. The next day, one randomly-chosen focal 
nestling was removed from the nest for a 120 
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min period of food deprivation (food-deprived 
nestling). The other focal nestling (non-food-
deprived nestling) was handled shortly, and left 
in the nest with all its siblings (the mean brood 
size of nests included in the study was 4.2 
nestlings, range 3-6) for normal food 
provisioning. Food deprivation was intended to 
simulate a short period of starvation, as it may 
naturally occur in case of bad weather. The 
food-deprived nestling was then returned to the 
nest for the 90 min AFD trial together with the 
non-food-deprived one, while the non-focal 
nestlings were temporarily removed.  
Dyads of nestlings were videotaped with a 
Sony DCR-SR72E camera, positioned at 2-4 m 
from the nest. For the purpose of present study, 
we recorded all the events of PAB, defined as 
any occurrence of postural begging in the 
absence of parents on the nest. Postural 
begging intensity of both focal nestlings at the 
first feeding visit by parents following each 
PAB by either nestling, as well as at feeding 
events not preceded by PAB, was evaluated 
using a four-levels scale of postural scores (0 = 
no begging; 1 = gape open; 2 = gape open and 
neck stretched; 3 = vigorous begging with full 
stretched neck and tarsi). In the barn swallow, 
postural and vocal begging are strictly related 
(our unpubl. data): we are thus confident that 
postural begging score should reliably reflect 
the overall intensity of begging displays. We 
limited our analyses to the first feeding event 
following a PAB because preliminary analyses 
revealed that PAB did not predict nestling 
behaviour and food intake during subsequent 
feeding visits (details not shown). Begging 
intensity in feeding events not preceded by 
PAB of either nestling was used as a measure 
of the ‘baseline begging intensity’. We then 
recorded which nestling received the unit of 
food from parents during each feeding event. 
To avoid the dissipation of the effect of food 
deprivation on begging intensity, for the AFD 
trial the analyses of begging intensity at 
parental arrival and food intake were restricted 
to the initial third of all feeding events of the 
trial, including on average 8.40 ± 2.55 SD 
(range 5-14) feedings (feeding rate in the BFD 
trial was 15.12 ± 5.77 SD feedings/h). We used 
data for the first third of feeding events because 
hunger, and thus begging behaviour, is 
expected to depend more strictly on the amount 
of food received rather than on time elapsed 
since the start of the trial (see also Romano et 
al., 2012). However, all results were 
qualitatively unaltered when we selected data 
for the first 30 min of the AFD trial (details not 
shown for brevity).  
All the measurements on video recordings 
were performed blindly with respect to the 
experimental treatment. We recorded 22 pairs 
of nestlings that performed a total of 96 or 153 
PAB in BFD and AFD trials, respectively. In 
nestling pairs, PAB constituted ca. 11.0% of 
total begging events (i.e. begging scores at 
parental arrival = 0 were excluded), and may 
occur in bouts (25% of PAB), consisting of 2-7 
consecutive distinct events of PAB. There was 
no difference in the mean number of PAB per 
bout between food-deprived and non-food-
deprived nestlings (details not shown). 
Moreover, there was no difference in mean 
begging intensity, nor in the probability of 
obtaining a feeding, after a single or multiple 
PAB (details not shown for brevity). For 
simplicity, in all the analyses of begging 
intensity at parental arrival and probability of 
obtaining a feeding, we therefore considered 
bouts of PAB as single PAB displays. Finally, 
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begging events at parental arrival preceded by 
simultaneous PAB by both nestlings were 
excluded from the analyses of begging 
intensity at parental arrival and probability of 
obtaining a feeding. This procedure resulted in 
a total of 39 or 31 feeding events preceded by a 
PAB of either nestling (i.e. ca. 10% of total 
feeding events, compared with ca. 30% in full 
broods (our unpubl. data)) in BFD and AFD 
trials, respectively, that were entered in the 
analyses of begging intensity upon parental 
feeding visits and food intake. 
 
Statistical analyses 
 
We relied on repeated-measures mixed models 
including pair (nest) and nestling identity as 
random intercept effects, using data from both 
feeding trials. However, to investigate the 
effect of PAB on nestling behaviour and 
outcome of sibling competition under normal 
food provisioning regime, some models were 
run on data from the BFD trial only (see 
Results). In these models, we only included 
nest identity as a random intercept effect. 
Variation in the total number of PAB events 
per nestling during the 90 min feeding trials 
was analysed in Poisson models where feeding 
trial (BFD or AFD), experimental group (food-
deprived or non-food-deprived nestling), and 
their interaction were included as fixed effects.  
Variation in begging intensity at feeding 
events following own or sibling’s PAB was 
analysed in a multinomial mixed model 
(though in the Results we show mean score 
values for ease of interpretation) including 
feeding trial and experimental group as fixed 
effects and a three-level factor (PAB category) 
indicating if the feeding event was: 1) preceded 
by own PAB, 2) preceded by a sibling’s PAB 
or 3) not preceded by any PAB. Two- and 
three-way interactions between fixed effects 
were also included in the model. All the above 
analyses were repeated including age of 
nestlings as a covariate (see Budden et al., 
2001), but its effect was always far from 
significance (P-values always > 0.43) and was 
therefore removed from the models (details not 
shown for brevity).  
In addition, we tested the effects of PAB on 
the probability that a nestling did not beg at 
parental visits, by running a binomial mixed 
model including experimental group, a two-
level factor indicating whether a feeding event 
was preceded (coded as 1) or not (coded as 0) 
by a PAB event by the sibling (i.e. excluding 
own PAB events), and their interaction as fixed 
effects. 
Finally, we investigated whether the 
probability of obtaining a feeding after an own 
PAB varied according to experimental group, 
feeding trial and their interaction in binomial 
mixed models. We note that this analysis was 
carried out only for the nestlings that 
performed PAB, as the probability of the other 
nestling obtaining food was simply (1 – the 
probability of obtaining a food item after an 
own PAB). 
In Poisson and multinomial mixed models, 
degrees of freedom were conservatively set 
equal to the number of pairs included in each 
analysis. Due to the unbalanced sample sizes 
for each level of the random effect and the 
uncertainties in estimating degrees of freedom 
in non-Gaussian mixed models, tests of fixed 
effects of binomial models were performed 
with z-scores. Mixed models were run with the 
SAS 9.1 GLIMMIX procedure (Poisson and 
multinomial models; SAS Institute, 2006) and 
the R 2.8.1 lmer procedure (binomial models; 
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Bates et al., 2008; R Developmental Core 
Team, 2008). 
 
 
RESULTS 
 
Effects of food deprivation on PAB  
 
Across both feeding trials, the number of PAB 
events was affected by food deprivation, as 
shown by the effect of experimental group by 
feeding trial interaction (F1,22 = 11.18, P = 
0.003). As expected, in the BFD trial, the 
nestlings that were subsequently assigned to 
either treatment performed a similar number of 
PAB events, while in the AFD trial, the mean 
number of PAB events was higher for the food-
deprived nestling, either compared to its non-
food-deprived nestmate or to itself BFD 
(Figure 1). Conversely, the number of PAB by 
non-food-deprived nestlings did not change 
between the BFD and the AFD trials (Figure 
1).  
 
Effects of PAB and food deprivation on 
begging intensity at parental visits 
 
In the BFD trial, begging intensity varied 
according to PAB category (F2,22 = 6.02, P = 
0.008). Specifically, nestlings begged at 
highest intensity at feeding events preceded by 
own PAB, at lowest intensity at feeding events 
preceded by their sibling’s PAB, while begging 
intensity at feeding events not preceded by 
PAB was intermediate (Figure 2, all pairwise 
differences statistically significant at P < 0.05). 
In a model including data of both trials, 
there was a statistically significant three-way 
interaction effect among experimental group, 
feeding trial and PAB category on begging 
intensity (F2,22 = 5.03, P = 0.016). To better 
interpret   this  effect,  we  ran  separate  mixed 
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Figure 1. Mean (+ SE) number of parent-absent begging (PAB) events in 22 pairs of food-deprived (FD, white bars) 
and non-food-deprived (NFD, black bars) siblings before (BFD) or after (AFD) a period of food deprivation in 90 min 
feeding trials. Different letters indicate statistically significant differences (P  < 0.05) between groups at post-hoc tests.  
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models for each feeding trial and explored the 
effects of the experimental group by PAB 
category interaction on begging intensity 
(Table 1). As expected because of random 
composition of experimental groups, in BFD 
trial the interaction effect was non-significant, 
whereas it was significant in the AFD trial  
(Table 1; Figure 2).  
In the AFD trial, non-food-deprived 
nestlings behaved similarly to the BFD trial 
(Figure 2). However, begging intensity of 
food-deprived nestlings did not differ after 
their own compared to their sibling’s PAB 
(Figure 2). Moreover, in feeding events not 
preceded by any PAB, begging intensity of 
food-deprived nestlings was significantly lower 
compared with feeding events following own 
or sibling’s PAB (Figure 2).  
In the BFD trial, the probability that a nestling 
did not beg (begging score = 0) increased at 
feeding visits preceded by a sibling’s PAB 
compared to feeding visits not preceded by any 
sibling’s PAB (1.047 ± 0.454 SE, Z = 2.30, P = 
0.021), while the other model terms were non-
significant (both P > 0.75). This analysis could 
be performed only on data for the BFD trial 
because models ran either on data from both 
trials (with feeding trial as a fixed factor) or on 
data from the AFD trial only did not converge, 
both including or excluding random effects 
(details not shown). ran either on data from 
both trials (with feeding trial as a fixed factor) 
or on data from the AFD trial only did not 
converge, both including or excluding random 
effects (details not shown).  
 
 
Effects of PAB and food deprivation on food 
intake 
 
In BFD trials, the probability of obtaining a 
unit of food in the first parental feeding visit 
following an own PAB was significantly larger 
(0.79) than expected by chance (0.50) (null 
binomial mixed model: Z = 3.32, P < 0.001; 
Figure 3).  
In addition, the experimental group by 
feeding trial interaction effect on the 
probability of obtaining the first feeding after a 
PAB was marginally non-significant (Z = 1.87, 
P = 0.061). However, when trials were 
analysed separately, the probability of being 
fed after an own PAB was significantly larger 
for food-deprived nestlings than for non-food-
deprived ones in the AFD trial, but not in the 
BFD one (Table 1; Figure 3), likely because 
of the higher competitive efforts of hungry 
nestlings.
 
Table 1. Models of begging intensity (multinomial mixed models) and of probability of being fed after an own parent-
absent begging (PAB) event (binomial mixed models), in before (BFD) or after (AFD) food deprivation trials (see 
Results). ‘PAB category’ is a three-level factor indicating whether begging intensity was recorded in feeding events 
occurring after an own PAB, a sibling’s PAB, or when no PAB had occurred (see Methods). 
______________________________________________________________________________ 
       BFD trial   AFD trial 
       F/Z df P  F/Z df P 
____________________________________________________________________________ 
 
Begging intensity 
Experimental group    0.28 1, 22 0.60  17.64 1, 22 < 0.001 
PAB category    5.35 2, 22 0.013    6.09 2, 22    0.008 
Experimental group × PAB category  1.33 2, 22 0.29    6.02 2, 22    0.008  
Probability of obtaining food  
Experimental group    0.36 - 0.74    2.25 -    0.025 
______________________________________________________________________________
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Figure 2. Mean (+ SE) begging intensity in feeding events occurring after an own (‘own PAB’) or sibling (‘sibling’s 
PAB’) event of parent-absent begging (PAB), or when no PAB had occurred (‘no PAB’). Mean values are reported 
separately for before (left panel, BFD) or after food deprivation (right panel, AFD) trials (see Table 1 for statistical 
analyses). Values for AFD trials are shown for food-deprived and non-food-deprived nestlings separately. Numbers 
above bars denote the number of feeding visits for which we scored begging intensity. Letters indicate statistically 
significant differences (P < 0.05) as obtained by planned comparison tests and refer to comparisons among PAB 
categories (BFD trial), or among PAB categories for food-deprived and non-food deprived nestlings separately (AFD 
trial). 
 
Interestingly, after an own PAB, in the AFD 
trial the non-food-deprived nestling was not 
more likely to obtain food than its nestmate 
(Figure 3). 
 
 
DISCUSSION 
 
We found that barn swallow nestlings 
increased the frequency of PAB displays when 
food-deprived. Moreover, during parental 
feeding events, nestlings that had performed 
PAB begged more intensely relative to their 
baseline begging levels, whereas their siblings 
reduced their own begging intensity. Finally, 
the chances of being fed were larger when a 
nestling had performed PAB before parental 
arrival. This pattern was more clear in the BFD 
trial, when nestlings were tested under the 
same hunger level, while AFD the response of 
nestlings to sibling’s PAB, as well as the 
probability of obtaining food, varied according 
to the experimental group, as the food-deprived 
nestlings did not reduce begging intensity at 
parental arrival after a PAB by its non-food-
deprived nestmate.  
We interpret these findings as evidence that 
PAB reflects contingent need of food, similarly 
to parent-present begging (e.g. Boncoraglio et 
al., 2009; Romano et al., 2012), and that 
hungry nestlings are conveying to their 
nestmates in the absence of parents reliable 
information about their willingness to intensely 
beg for food at the following food provisioning 
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event, as demonstrated by their increased 
competitive effort after performing PAB. As a 
result, less needy nestlings toned down their 
begging levels at parental arrival, thus allowing 
for easier access to food by their siblings. It 
could be argued that reduction in the intensity 
of begging performed by a nestling upon a 
parental visit following PAB by its nestmate is 
caused by larger concomitant begging intensity 
by the nestling that performed PAB rather than 
by a response to PAB itself. This interpretation 
is unlikely, however, because the probability 
that a nestling did not beg significantly 
increased after a PAB by its sibling, suggesting 
that the observed reduction of begging intensity 
after a sibling’s PAB mainly reflects a response 
to behavioural displays during inter-feeding 
intervals. Furthermore, we emphasize that, in 
the AFD trial, the non-food-deprived nestling 
maintained a high level of begging intensity 
during feeding visits preceded by its own PAB, 
as occurs in the BFD trial (Figure 2). This was 
the case despite the fact that its nestmate was 
food-deprived and thus much more needy, and 
indicates that the begging intensity after own 
PAB does not depend on the competitive 
environment experienced by the nestling, 
thereby corroborating the idea that PAB is a 
reliable signal of the willingness to intensely 
compete for the next delivered food item.  
Such a fine-tuned modulation of begging 
displays by both the interacting siblings upon 
parental feeding visits following PAB suggests 
that in our model species PAB may be used by 
nestlings as a reliable information to decide 
whether escalating begging intensity during the 
next feeding events to outcompete nestmates or 
refraining from competition against a more 
vigorous competitor (Roulin et al., 2000; 
Johnstone and Roulin, 2003). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Probability (+ binomial SE) of obtaining the first feeding after an own event of parent-absent begging (PAB) 
for food-deprived (white bars) and non-food-deprived (black bars) before (BFD) and after (AFD) a period of food 
deprivation (see Table 1 for statistical analyses). Note that if PAB has no effect on the probability of obtaining food at 
the subsequent feeding visit, the expected probability that each nestling obtains food after performing PAB is 0.5. 
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When exposed to a nestmate’s PAB, a 
nestling may thus give up from escalating 
competition, because the indirect fitness 
benefits of securing access to food to a sibling 
in poor condition (see also Godfray, 1991) and 
the direct fitness advantage of saving energy 
for begging displays can outweigh the cost of 
missing a feeding event (Roulin et al., 2000; 
Johnstone and Roulin, 2003). 
Proximately, PAB displays may be a 
consequence of hunger-induced low sensitivity 
in correctly detecting parental feeding visits 
(sensu Leonard and Horn, 2001; Leonard et al., 
2005), which may serve to minimize the 
chances of missing food provisioning (Dor et 
al., 2007), especially when the marginal benefit 
of acquiring an additional unit of food is high 
(e.g. after food deprivation). Indeed, previous 
studies of passerines showed that PAB is 
generally elicited by several stimuli (see e.g. 
Leonard and Horn, 2001) and is apparently not 
directed towards nestmates. Nevertheless, our 
findings suggest that natural selection may 
have promoted the ability of nestlings at 
reciprocally exploiting such ‘false alarms’ to 
identify highly competitive siblings in order to 
modulate their begging behaviour accordingly 
and reduce intensity of scramble competition. 
Therefore, PAB displays in barn swallow 
nestlings may have the dual adaptive function 
of minimizing the chances of missing feedings 
(Dor et al., 2007) and reducing the costs of 
scrambling when facing hungry, highly 
competitive siblings, that are more likely to 
obtain the subsequent parental food item. 
Besides testing if PAB is used by siblings to 
reciprocally adjust competitive efforts under a 
normal feeding regime, we also evaluated 
whether its expression was context-dependent, 
i.e. whether experimentally food-deprived 
nestlings behaved differently in response to 
own or sibling’s PAB compared to non-food-
deprived, normally fed, nestmates. The results 
were neat in showing that food-deprived 
nestlings did not respond to a sibling’s PAB by 
reducing their begging intensity, as they 
conversely did when non-food-deprived, but 
rather escalated competitive efforts by begging 
at a significantly higher intensity than their 
baseline begging level (Figure 2). Thus, PAB 
by non-food-deprived nestmates exacerbated 
competition efforts by food-deprived siblings 
when parents arrived at the nest with food, 
again indicating that PAB, irrespective of 
mechanisms that generates it, induces a strong 
behavioural response by the interacting 
siblings. Such competitive escalation affected 
access to food in the AFD trial, given that, after 
an own PAB, non-food-deprived nestlings were 
not more likely to obtain food than their food-
deprived nestmates not performing PAB (see 
Figure 3). This novel finding indicates that 
marked competitive asymmetries in need 
between otherwise similar siblings strongly 
affect the behavioral response of the needier 
nestlings to PAB uttered by their less needy 
nestmates. Food-deprived nestlings responded 
to their nestmates’ PAB displays by vigorously 
competing with them to obtain the next food 
item, rather than reducing their competition 
efforts as in the BFD trial, resulting in equal 
chances of getting food as their less needy 
siblings. Under such circumstances, it is likely 
that the benefit of obtaining an additional food 
item was disproportionately larger for the food-
deprived than for the non-food-deprived 
nestling. Indeed, for the food-deprived nestling 
the potential cost of refraining from 
competition could be too large, and probably 
not compensated by the indirect fitness benefit 
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of favouring the access to food by a less needy 
sibling. Hence, whenever large asymmetries in 
hunger level between otherwise similar siblings 
exist, PAB may have the counterproductive 
effects of stimulating competition by the more 
needy nestmate, suggesting that PAB in the 
study species, despite being perceived and used 
by nestmates to modulate their behaviour, 
constitutes a sort of ‘false alarm’. We can also 
safely rule out the possibility that the escalating 
competitive behaviour of food-deprived 
nestlings after non-food deprived nestmates 
PAB was caused by a low-intensity PAB signal 
by non-food-deprived siblings, that may not 
convey sufficient information about 
willingness to compete for the subsequent food 
item: we did not find any statistically 
significant difference in intensity of PAB 
signals between food- and non-food-deprived 
nestlings (details not shown for brevity). 
Previous studies investigating the 
evolutionary functions of PAB mostly focused 
on barn owl (Tyto alba) nestlings, that 
‘negotiate’ priority in scrambling for food 
before arrival of parents at the nest via a large 
and complex repertoire of within-brood 
communication signals almost before any 
feeding visit (Roulin et al., 2000; Roulin, 2001; 
Roulin, 2004; Roulin et al., 2009; Dreiss et al., 
2010). Such an intense negotiation among 
nestlings, resulting in a reciprocal modulation 
of competitive behaviour for access to food in 
response to own or nestmates’ PAB signals 
(Dreiss et al., 2010), has the two-fold 
advantage of reducing the costs of competition 
and increasing their indirect fitness (Roulin et 
al., 2000; Johnstone and Roulin, 2003). On the 
other hand, most studies of PAB in other bird 
species did not investigate whether PAB is 
involved in intra-brood communication 
(Budden and Wright, 2001; Leonard and Horn, 
2001; Rivers et al., 2001; Leonard et al., 2005; 
Dor et al., 2007). A single study demonstrated 
modulation of PAB behaviour in response to 
experimentally broadcasted PAB signals, but 
did not analyse the variation of begging 
behaviour at parental arrival nor the 
consequences in terms of food intake (Bulmer 
et al., 2008). Remarkably, in the barn swallow 
the effect on the outcome of sibling 
competition following a PAB, despite not 
being preceded by prolonged and reciprocal 
‘negotiation’ displays among nestlings as 
occurs in barn owl broods, is compatible with 
that observed in the latter species. Our findings 
thus corroborate the idea that offspring may 
significantly impact on feeding decisions by 
parents via intra-brood signalling dynamics. 
In conclusion, we suggest that nestling barn 
swallows, by exploiting PAB signals by 
siblings, may strive to achieve an optimal 
balance between the overall costs of sibling 
competition, the direct fitness benefits of 
obtaining food by parents and the indirect 
fitness costs of subtracting food to needy kin, 
while additionally reducing the chances of 
missing feeding events. However, we also 
experimentally demonstrated that strong 
asymmetries in individual need may lead 
competing siblings, especially under food 
shortage, to attempt to monopolize parental 
resources. 
 
 
ACKNOWLEDGEMENTS We thank all farm 
owners for granting access to their properties. AR 
was funded by a MIUR PhD grant. GB was funded 
by Marie Curie Intra-European Fellowship PIEF-
GA-2009-252120.  
 
57
REFERENCES 
 
 
Bates D, Maechler M, Dai B (2008) lme4: 
Linear mixed-effects models using S4 
classes. R package version 0.999375-28, 
http://lme4.r-forge.r-project.org/. 
Boncoraglio G, Caprioli M, Saino N (2009) 
Fine-tuned modulation of competitive 
behaviour according to kinship in barn 
swallow nestlings. Proceeding of the Royal 
Society B: Biological Sciences 276: 2117–
2123.  
Boncoraglio G, Caprioli M, Saino N (2012) 
Solicitation displays reliably reflect oxidative 
damage in barn swallow nestlings. 
Behavioral Ecology and Sociobiology 66: 
539–546.  
Bonisoli-Alquati A, Boncoraglio G, Caprioli 
M, Saino N (2011) Birth order, individual sex 
and sex of competitors determine the 
outcome of conflict among siblings over 
parental care. Proceeding of the Royal 
Society B: Biological Science 278: 1273–
1279.  
Budden AE, Wright J (2001) Falling on deaf 
ears: the adaptive significance of begging in 
the absence of a parent. Behavioral Ecology 
and Sociobiology 49: 474–481.  
Bulmer E, Celis P, Gil D (2008) Parent-absent 
begging: evidence for sibling honesty and 
cooperation in the spotless starling (Sturnus 
unicolor). Behavioral Ecology 19: 279–284.  
Clutton-Brock TH (1991) The evolution of 
parental care. Princeton University Press, 
Princeton. 
Cotton PA, Wright J, Kacelnik A (1999) Chick 
begging strategies in relation to brood 
hierarchies and hatching asynchrony. 
American Naturalist 153: 412–420.  
Dor R, Kedar H, Winkler DW, Lotem A (2007) 
Begging in the absence of parents: a ‘quick 
on the trigger’ strategy to minimize costly 
misses. Behavioral Ecology 18: 97–102.  
Dreiss A, Lahlah N, Roulin A (2010) How 
siblings adjust sib-sib communication and 
begging signals to each other. Animal 
Behavior 80: 1049–1055.  
Godfray HCJ (1991) Signalling of need by 
offspring to their parents. Nature 352: 328–
330.  
Godfray HCJ (1995) Signaling of need 
between parents and young: parent offspring 
conflict and sibling rivalry. American 
Naturalist 146: 1–24.  
Johnstone RA (1999) Signalling of need, 
sibling competition and the cost of honesty. 
Proceeding of the National Academy of 
Sciences USA 96: 12644–12649.  
Johnstone RA, Roulin A (2003) Sibling 
negotiation. Behavioral Ecology 14: 780–
786.  
Kilner RM, Johnstone R (1997) Begging the 
question: are offspring solicitation behaviours 
signals of need? Trends in Ecology and 
Evolution 12: 11–15.  
Leonard ML, Horn AG (2001) Begging in the 
absence of parents by nestling tree swallows. 
Behavioral Ecology 12: 501–505.  
Leonard ML, Horn AG, Mukhida A (2005) 
False alarms and begging in nestling birds. 
Animal Behaviour 69: 701–708.  
Macnair MR, Parker GA (1979) Models of 
parent-offspring conflict. III. Intra-brood 
conflict Animal Behaviour 27:1202–1209.  
Mock DW, Dugas MB, Strickler SA (2011) 
Honest begging: expanding from Signal of 
Need. Behavioral Ecology 22: 909–917.  
Mock DW, Parker GA (1997) The evolution of 
sibling rivalry. Oxford University Press, New 
York. 
Parker, GA, Macnair MR (1979) Models of 
parent-offspring conflict. IV. Suppression: 
evolutionary retaliation by the parent. Animal 
Behaviour 27: 1210–1235. 
R Development Core Team (2008) R: A 
Language and Environment for Statistical 
Computing. R Foundation for Statistical 
Computing, Austria. 
Rivers JW (2009) Parent-absent begging in the 
Brown-headed Cowbird (Molothrus ater): the 
role of short-term need and nestmate size. 
Behavioral Ecology Sociobiology 63: 707–
717.  
Romano A, Caprioli M, Boncoraglio G, Saino 
N, Rubolini D (2012) With a little help from 
58
my kin: barn swallow nestlings modulate 
solicitations of parental care according to 
nestmates’ need. Journal of Evolutionary 
Biology 25: 1703–1710.  
Romano A, Rubolini D, Caprioli M, 
Boncoraglio G, Ambrosini R, Saino N (2011) 
Sex-related effects of an immune challenge 
on growth and begging behavior of barn 
swallow nestlings. PLoS One 6: e22805.  
Roulin A (2001) Food supply differentially 
affects sibling negotiation and competition in 
the barn owl (Tyto alba). Behavioral Ecology 
and Sociobiology 49: 514–519.  
Roulin A (2004) Effects of hatching 
asynchrony on sibling negotiation, begging, 
jostling for position and within-brood food 
allocation in the barn owl Tyto alba. 
volutionary Ecology Research 6: 1083–1098. 
Roulin A, Dreiss A, Fioravanti C, Bize P 
(2009) Vocal sib-sib interactions: how 
siblings adjust signalling level to each other. 
Animal Behaviour 77: 717–725.  
Roulin A, Kölliker M, Richner H (2000) Barn 
owl (Tyto alba) siblings vocally negotiate 
resources. Proceeding of the Royal Society B: 
Biological Science 267: 459–463.  
SAS Institute (2006) The GLIMMIX procedure. 
SAS Institute, Cary. 
Stearns SC (1992) The evolution of life-
histories. Oxford University Press, Oxford. 
Wright J, Leonard ML (2002) The evolution of 
begging. Competition, cooperation, 
communication. Kluwer Academic, 
Dordrecht. 
 
 
 
59

Chapter 3 
 
 
Sex-related effects of an immune challenge on growth and 
begging behavior of barn swallow nestlings 
 
 
 
Andrea Romano, Diego Rubolini, Manuela Caprioli, Giuseppe Boncoraglio, Roberto 
Ambrosini, Nicola Saino 
 
 
 
 
 
 
 
PLoS One, 6 (2011): e22805 
 

       
      
         
 
                   
          

               
               
             
                
               
            
                 
                   
                    
                 
                
                  
                
                  
              
               
    
                       
         
            
           
                     
               
                     
                  
          
  

       
          
          
         
         
        
         
         
        
          
      
         
         
        
       
       
       
 
        
        
       
          
        
           
      
          
   
       
        
        
       
       
         
       
        
      
         
         
  
       
           
         
              
63
       
        
       
        
      
         
    
          
        
         
        
      
      
      
        
          
       
         
          
        
       
          
        
       
          
           
         
       
 
         
        
          
        
         
          
        
      
        
         
         
        
          
          
        
        
  
     
          
         
           
        
         
          
            
          
            
             
          
         
         
         
            
  
          
          
         
           
        
         
       
        
       
       
      
     
        
         
       
         
             
          
            
        
        
        
          
            
          
           
         
          
         
         
           
           
        
             
         
         
             
         
             
           
        
           
            
          
           
         

 
        
          
        
        
          
         
            
          
          
          
          
         
         
      
              
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      
           
        
         
       
        
          
         
        
         
        
           
         
        
      
       
    
      
          
        
         
        
          
        
        
           
          
       
          
          
      
        
        
         
          
       
        
             
        
             
         
          
             
          
        
               
           
         
         
           
          
         
          
         
         
          
          
       
        
          
            
     
       
          
           
          
          
           
            
          
          
           
         
         
             
       
          
       
 
         
         
        
        
           
          
           
           
          
           
          
         
       
           
         
       
          
        
            
          
        
          
      
        
       
        
        
          
          
       
        
              
          
          
         
       
          
          
          
        
         
         
 
           
         
      
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            
        
        
        
         
         
          
          
      
           
          
        
         
         
        
 

        
        
         
     
            
          
            
        
          
           
        
           
        
        
         
         
        
        
         
      
          
          
       
       
           
           
              
           
            
          
         
        
        
   
 
       
           
        

           
         
      
        
       
          
        
        
        
         
         
         
    
          
       

 
       
          
       
         
           
       
        
         
        
          
        
        
 
      
        
          
         
        
        
     
         
        
          
           
    
      
  
    
     
     
    
     
     
     
  
    
     
     
    
     
     
            
           
          
           
  

      
              
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         
         
            
        
         
       
     
        
          
        
   

        
          
      
       
        
       
      
           
            
        
          
       
           
       
        
          
          
             
             
       

                          
        

            
        
          
             

      
              
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          
            
       
          
         
     
      
         
           
          
           
          
         
       
     
       
        
          

           
        
        
         
         
        
           
         
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 
    
     
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     
          
            
           
        
           
      
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              
            
    
            
  
              
       
             
       
             
        
   
          
    
           
           

             
          
 
             
          
          
       
       
   
             
          
   
          
            

          
           
          
                
          
       
              
       
             
       
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          
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            
        
         
          
        
        
             
        
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          
            
         
        
              
       
        
             
         
      
              
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SUPPORTING INFORMATION 
 
Table S1. Effect of LPS on hue, chroma and brightness of gape and flanges. Final models reporting effect of 
treatment, sex and their interaction (where significant) on hue, chroma and brightness of palate and flanges of nestlings. 
All the analyses were performed both 2 and 3 days after the experimental manipulation. See Methods for details. 
 
______________________________________________________________________________________________ 
Coefficient  χ2         df          P 
______________________________________________________________________________________________ 
 
Hue palate (day 14) (n = 148) 
Treatment   -0.033 (0.020)  2.66  1 0.103 
Sex    -0.036 (0.023)  2.39  1 0.122 
Hue palate (day 15) (n = 146) 
Treatment   -0.010 (0.018)  0.33  1 0.568 
Sex     0.038 (0.021)  3.36  1 0.067 
Hue flange (day 14) (n = 148) 
Treatment   -0.052 (0.036)  2.17  1 0.141 
Sex    -0.101 (0.041)  6.30  1 0.012 
Hue flange (day 15) (n = 146) 
Treatment   -0.053 (0.038)  2.01  1 0.156 
Sex    -0.010 (0.042)  0.05  1 0.815 
Chroma palate (day 14) (n = 148) 
Treatment   -0.015 (0.006)  6.28  1 0.012 
Sex     0.002 (0.007)  0.12  1 0.733 
Chroma palate (day 15) (n = 146) 
Treatment   -0.008 (0.005)  2.23  1 0.135 
Sex     0.011 (0.006)  3.47  1 0.062 
Chroma flange (day 14) (n = 148) 
Treatment   -0.016 (0.007)  5.59  1 0.018 
Sex    -0.020 (0.065)  7.95  1 0.005 
Treatment × Sex  0.0023 (0.009)  6.03  1 0.014 
Chroma flange (day 15) (n = 146) 
Treatment    0.004 (0.006)  0.43  1 0.512 
Sex    -0.009 (0.006)  2.03  1 0.154 
Brightness palate (day 14) (n = 148) 
Treatment   -0.011 (0.008)  2.11  1 0.147 
Sex    -0.006 (0.009)  0.44  1 0.506 
Brightness palate (day 15) (n = 146) 
Treatment    0.006 (0.007)  0.93  1 0.335 
Sex     0.002 (0.008)  0.003  1 0.855 
Brightness  flange (day 14) (n = 148) 
Treatment    0.000 (0.001)  2.18  1 0.996 
Sex     0.013 (0.015)  0.74  1 0.391 
Brightness flange (day 15) (n = 146) 
Treatment   -0.008 (0.016)  0.29  1 0.590 
Sex     0.031 (0.029)  2.98  1 0.084 
______________________________________________________________________________________________ 
 
71

  
 
 
 
 
 
 
PART II 
 
SEX-RELATED PARENTAL INVESTMENT AND 
ECOLOGICAL CONDITIONS 

Chapter 4 
 
 
Secondary sex ratio covaries with demographic trends and 
ecological conditions in the barn swallow 
 
 
 
Andrea Romano, Roberto Ambrosini, Manuela Caprioli, Andrea Bonisoli-Alquati, Nicola 
Saino 
 
 
 
 
 
 
 
Evolutionary Ecology, 26 (2012): 1041–1053 
 

 
      
      
        
    
              
    
               
            
            
               
            
              
            
             
            
           
            
         
             
         
           
        
 

         
              
            
        
             
 
 
           
    

   
 
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            
          
              
            
           
            
            
            
            
             
            
              
          
           
            
             
             
           
             
          
            
            
               
             
          
           
             
         
           
             
           
              
           
           

               
            
             
              
             

                
            
              
           
               
            
           
            
    

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               
             
              
             
            
                
 
            
               
               
            
              
              
            
            
  
 
          
          
             
               
           
               
             
                
              
               
           
             
         
    
              
           
              
              
              
                
             
            
              
            
                 
             
    

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                 
            
             
               
             
           
                
               
                
            
              
 




                  
               
            
              
                 
             
    

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          
         
              
               
          
            
                
             
            
              
           
            
              
            
            
          
               
             
             
              
             
            
           
            
             
              
          
             
          
             
               
              
               
              
              
               
            
               
             
              
         
            
            
             
                   
             
             
              
             
    

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             
          
            
   
             
                 
               
          
               
            
              
    
               
             
                 
           
          
             
 
                
               
            
             
            
             
             
               
              
        
            
            
               
             
   
 
             
              
           
              
              
          
          
            
            
           
    

82
             
              
            
            
            
          
    
            
                
        

             
                
               
                  
               
                
              
               
       
               
               
                
  
             
               
                
             
           
               
              
                
              
              
             
                
             
                
           
                 
            
             
            
                
           
              
    

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           
    
            
              
              
             
            
                
               
          
             
   
 
     
    
       
     
 
    
     
       
                      
                    
         
      





     

                
                   
              
                 
                
    
    

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               
                
     
             
                 
              
           
     

               
            
              
             
              
               
           
             
            
            
             
           
              
             
            
             
           







  








 



                
             
              
      
    

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            
           
            
            
            
           
             
              
              
              
            
             
              
    
            
            
            
             
             
                
              
              
              
            
           
            
          
               
           
           
         
             
              
             
              
            
              
              
             
            
              
               
     
            
               
              
             
              
            
    

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              
              
           
            
            
          
               
           
            
             
             
            
          
           
             
           
            
              
               
             
              
           
              
           
               
            
             
              
            
             
            
            
            
            
         
            
               
     
                
            
              
               
          

               
       
    

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                 
            
              
             
 
               
            

                
             

            
  
             
       
               
               

               
         
             
          
                
      
           
              
             
     
              
    
        

                 
     
               
         
              
           
                
    
              
          

              
 
             

                
                 

            
               

              
        
            
      
              
                
        
    

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                
    
             
 
             
                 
             
            
               
    
             
            
               
  
          
              

            
                
    
                  
           
               
              
 
               
          

               
    
                
             
     
               

                

          
              
               
        
    

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 
        
     
       
     
        
       
    
                
  
      
        
        
       
      
       
         
      
        
      
        
       
        
       
         
       
         
        
       
       
      
       
      
       
       
          
         
        
         
          
       
        
       
        
   
       
       
   
        
   
     
         
       
 
   
    
        
       
  
  
 
 
       
      
 
  
   
       
   
  
      
      
    
  
  
    
 
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
      
        
      
        
      
        
         
         
        
         
        
      
        
      
      
      
        
       
        
        
          
       
       
       
         
       
       
          
          
        
        
      
        
         
       
        
         
       
         
          
      
        
       
      
       
         
      
        
         
        
      
       
      
        
      
        
         
     
          
       
         
        
        
       
       
     
         
         
       
         
         
         
          
         
    
    
        
       
      
        
       
        
       
      
       
          
         
       
         
         
       
       
        
         
        
         
      
        
     
         
           
        
       
      
     
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        
       
     
       
      
       
       
        
      
        
      
       
         
          
        
       
        
        
         
          
      
       
       
        
        
         
       
       
        
        
     
       
        
      
         
         
       
      
       
       
        
         
         
      
         
          
      
        
       
          
        
         
       
        
         
         
          
       
        
        
       
        
         
          
         
        
        
         
       
        
        
      
        
        
        
         
        
       
         
        
         
           
        
        
        
  
    
         
        
       
        
           
       
        
         
       
           
           
        
        
          
        
     
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          
        
       
          
         
     
        
         
          
        
       
         
       
        
       
       
        
       
       
        
        
       
         
         
       
        
        
         
       
        
         
           
        
           
        
         
       
     
           
          
           
         
        
        
        
        
         
        
        
          
          
         
         
        
         
        
         
          
        
         
       
        
          
           
       
        
        

         
        
       
        
          
   
       
        
         
       
         
        
  
      
     
      
        
       
        
        
        
           
          
        
              
      
         
       
       
        
     
       
          
      
      
         
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        
         
      
           
       
       
        
      
       
        
        
       
       
       
        
         
       
        
         
          
        
         
      
      
        
         
        
         
         
      
      
        
        
      
     
      
         
 
         
        
         
       
        
          
        
       
        
         
         
         
        
       
          
         
         
       
        
           
        
      
        
         
         
        
      
        
      
         
       
        
      
        
       
        
       
        
       
       
        
       
       
          
        
        
       
         
       
         
       
        
       
      
        
        
        
        
         
       
         
         
        
       
        
        
     
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       
     

     
        
       
        
         
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  
     
     
     
    
    
    
   
  
     
100

        
       
        
       
        
        
         
       
       
        
       
       
      
         
          
       
        
       
        
      
       
        
        
          
       
       
       
         
      
         
     
         
         
        
         
          
         
           
         
        
           
       
     
      
          
        
        
        
        
      
          
         
       
            
       
       
         
          
        
        
          
      
         
      
         
       
  
      
        
       
      
        
               
     
        
        
        
          
          
          
                  
                       
                     
     
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        
       
         
         
       
         
           
          
       
         
        
       
        
        
          
       
       
        
       
        
         
        
       
        
       
         
          
        
        
        
       
       
        
     
      
          
        
       
       
        
          
         
       
     
         
           
       
        
        
            
           
          
        
        
         
        
        
      
       
      
          
         
      
      
        
         
       
       
        
        
          
      
        
       
      
        
        
    
        
        
         
          
         
        
         
        
        
     
      
       
     
      
        
       
       
          
         
          
         
           
     
        
          
          
     
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           
         
           
         
        
       
        
         
        
        
      
        
         
        
        
        
       
            
         
         
      
        
       
         
       
         
        
        
         
         
           
            
       
     
           
        
        
         
         
     
       
          
        
     
  
      
        
       
       
      
      
       
           
       
      
          
         
         
       
          
         
       
       
        
       
       
         
       
         
          
        
       
        
           
        
      
      
   
        
          
           
        
       
        
          
            
 
          
 

          
         
         
    
        
        

        
         
        
    
          
       
   
     
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          
         

           
           
   
         
       
    
         
        
      
         
         
           

           
          
   
        
       
      
  
          
         
        
          
        
   
         
      
   
          
        
    
           
     
         

            
      
       
   
        
        

       
 
        
          
  
         
        
         
 
         
     
        
         
     
        
        

         
         

         
        
        
  
          
        

           
    
         
        
           
       
           
    
           
      
         
       
             
    
         
      
         
      
        
      
        
       
 
        
           
    
         
    
         
          

        
   
        
        
             
         
    
            
 
         
       
          
           
  
         
         

          
          
       
  
         
        
        
         
           
        
 
     
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           
       
       

         
      
         
        

          
      
           
       
     
         
          
      
         
          
 
         

           
         
           
       
          
      
    
            
       
         
     
           
        

        
           
     
         
        
         
          
       
         
      
        
       

         
      
      
     
          
        
  
         

          
     
         

           
         
    
          
   
   
         
      
          
       
         
         
        
 
          
       
         
      
      
      
         
           
 
         
       
         
        
        
 
          
       
        
         
           
          

           
         

         
        
     
         
      
     
         
        
 
          
         
    
         
         
           
        
     
        
           
  
          
      
        
         
        

           
         

     
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Table S1. Mixed models (with nestbox, mother and chick identity as random factors) of body mass, tarsus and feather 
length variation between day 8 and day 9 post-hatching in nestling starlings based on the subset of chicks that were 
reared by the same mothers during each brood. Four-way interactions were not tested (see Methods for details of model 
specification). To facilitate comparisons, we show the models with the same structure as those presented in Table 2. 
Three-way interactions in models of tarsus and feather length were invariably far from significance (all P > 0.37). 
Degrees of freedom were estimated by the Kenward-Rogers method. 
 
___________________________________________________________________ 
 
Variable     F  df  P  
_____________________________________________________________________ 
 
Body mass 
 
Brood       8.88   1, 25.1  0.006 
Immune challenge     0.46  1, 25.2  0.50 
Sex     21.22  1, 25.6              < 0.001 
Age     23.47  1, 29.0              < 0.001 
Brood × Immune challenge    0.35  1, 25.1  0.56 
Brood × Sex      4.33  1, 26.2  0.047 
Brood × Age    14.85  1, 29.0            < 0.001 
Immune challenge × Sex     2.24  1, 25.2  0.15 
Immune challenge × Age     0.76  1, 29.0  0.39 
Sex × Age      1.53  1, 29.0  0.23 
Brood × Immune challenge × Sex     3.10  1, 26.1  0.09 
Brood × Immune challenge × Age    0.97  1, 29.0  0.33 
Brood × Sex × Age     3.18  1, 29.0  0.08 
Immune challenge × Sex × Age    0.24  1, 29.0  0.63 
 
Tarsus length 
 
Brood       1.58   1, 5.7  0.26 
Immune challenge     0.15  1, 23.8  0.70 
Sex       8.13  1, 26.2  0.008 
Age                  38.20  1, 32.0              < 0.001 
Brood × Immune challenge    0.75  1, 23.9  0.39 
Brood × Sex      2.22  1, 28.0  0.15 
Brood × Age      0.05  1, 32.0  0.82 
Immune challenge × Sex       1.70  1, 25.6  0.20 
Immune challenge × Age       1.16  1, 32.0  0.29 
Sex × Age      0.11  1, 32.0  0.75 
 
Feather length  
 
Brood       9.14   1, 29.0  0.005 
Immune challenge     0.40  1, 22.4  0.54 
Sex       1.67  1, 24.4  0.21 
Age     73.32  1, 32.0              < 0.001 
Brood × Immune challenge    0.05  1, 22.3  0.82 
Brood × Sex      0.59  1, 24.2  0.45 
Brood × Age    23.71  1, 32.0            < 0.001 
Immune challenge × Sex        0.46  1, 23.1  0.51 
Immune challenge × Age     1.54  1, 32.0  0.22 
Sex × Age      0.69  1, 32.0  0.41 
_____________________________________________________________________ 
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      
      
  
      
   
               
          

             
            
            
        
              
            
               
           
                 
              
      
               
            
            
              
           
    
           
        
            
                
              
             
   
         

        
       
          
      
      
      
        
        
          
           
        
        
         
          
   
     
       
   
       
    
        
        
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     
        
        
         
        
        
           
       
      
       
        
       
          
          
        
          
         
       
       
       
       
        
        
          
        
       
   
      
        
       
         
         
        
        
          
       
        
        
       
          
        
      
      
           
          
        
        
       
   
           
        
         
       
       
       
         
         
       
       
 
        
          
          
       
         
        
      
       
          
         
        
       
        
       
        
       
         
       
       
        
      
       
      
          
        

        
         
       
        
        
        
       
       
      
       
    
 
 
         
       
           
        
            
           
         
           
            
            
            
           
     
       
              
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         
         
            
           
           
          
            
           
          
          
         
           
          
          
            
         
        
          
          
            
         
  
          
         
           
          
        
          
   
           
        
          
          
          
       
        
          
        
           
           
           
         
           
         
             
          
         
        
         
         
           
                
              
         

          
        
         
           
            
           
           
             
             
             
           
          
           
           
          
         
     
  
          
          
        
            
         
            
         
          
        
         
        
            
         
         
         
           
            
           
              
             
         
          
        
        
           
           
          
          
         
             
        
   
       
        
          
           
         
          
         
        
     
          
         
          
         
       
     
    
                
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
        
       
        
         
         
       
           
       
       
           
           
       
       
          
        
       
         
         
           
    
      
        
         
          
            
         
         
           
          
          
        
        
          
  
         
         
        
        
           
         
       
       
          
       
            
         
       
       
       
      
        
       
          
          
            
   
       
         
          
       
            
           
         
 
          
          
         
        
         
        

  
           
         
    
      
         
           
         
         
          
       
















       


















          
               
              
         
           
  
       
              
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          
      
          
          
        
          
           
       

     
         
         
         
         
     
         
       
     
        
        
          
         
       
           
         
       
           
        
     
         
         
         
        
       
          
         
        
        
          
         
         
         
         
        
       
         
                   
                   
                      
                       
               

 
       
       
   
         
 
        
   
      
          
 
       
   
     
         
 
        
   
      
          
  
                     

          
                     
          
    
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        
     
      
      
        
       
       
        
      
       
       
      
        
         
        
       
        
         
        
      
       
         
       
        
        
          
         
         
         
       
         
         
         
       
          
        
          
        
        
           
        
       
      
      
        
          
          
      
        
       
         
      
       
       
        
         
          
          
        
        
         
        
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          
          
         
          
         
            
         
           
           
          
     

         
             
    
       
              
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       
         
           
       
       
           
         
       
      
         
       
    
      
       
      
       
         
      
        
       
      
        
        
       
      
        
      
        
       
        
       
       
        
          
         
       
        
       
        
       
         
         
  
          
      
        
       
          
        
       
     
      
        
         
         
      
       
        
       
       
         
       
      
          
        
       
      
       
          
      
      
          
      
           
     
           
        
        
        
         
        
        
       
         
      
       
      
       
       
        
    

             
         

          

           
         
      
           
           
        
           
           
          
        

          
          
     
           
       
      
    
                
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          
          
          
       
           
          
        
 
         
         
         
           
         
   
         
   
            
            
  
          
         
         
          
        
     
           
       
         
            
           
    
          
            
        
          
          
   
          
         
          
         
  
           
             
        
          
         
       
           
   
           
        
   
             
      
         
        
           

          
       

        
          
      
           
          
       
           
           
    
          
            
        
   
           
        

            
        
   
         
 
          
          

             
       
           
      
              
         

             
         
       
         
         
      
              
         
           
  
          
 
           
   
           

            
        
   
          
  
        
            
    
         
             
     
       
        
        
          
        
        

       
          
      
           
         

            
         
     
         
          
        
           

          
           
     
          
          

             
        
  
       
              
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           
         
  
           
         
      
           
        
           

         
           
          
            
        
         
          
         
        
           
           

          
   
        
       
             
       
           
          
   
       
            
        

              
             
        
   
           
        
            
         
       
            
       
     
             
          
      
   
 
         
   
  
           
         
         
       
        
    
                
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SUPPORTING INFORMATION 
 
General methods 
 
Because tarsus length, body mass and the 
immune response index were not routinely 
recorded in all nests in the starting years of the 
study, the information on these traits is missing 
for part of the sample (see Results for sample 
sizes).  
Extremely high breeding philopatry (implying 
that an individual that has bred in a farm in a 
given year does not move to other farms to breed 
in the following years) has been documented in 
our long-term study of the same population (see 
Saino et al., 1999; see also Saino et al., 2011), 
with only two cases reported over several 
thousands of individual x year records. Similar 
evidence has been collected in a recent study in 
another area in Northwestern Italy, with only 1 
bird out of more than 400 adults moving to a 
different, very close farm (our unpubl. data), as 
well as in Southern Switzerland (C. Scandolara, 
pers. comm.).  
 
Statistical analyses 
 
We relied on accelerated failure time (AFT; 
Kalbfleisch and Prentice, 1980) and frailty 
models (Duchateau and Janssen, 2008) to 
investigate variation in longevity in relation to 
hatching date, brood size and phenotype 
(covariates), cohort (= year of birth; multilevel 
factor) and sex (binary factor). In their most 
general form, AFT models account for any 
relationship between the survivor functions of 
any two given individuals. Specifically, we 
modeled death time Di for any i-th recruit in 
our sample as 
 
Log(Di) = β0 + β1xi1 + … βkxik + σεi 
 
where β0 … βk and σ are parameters to be 
estimated, ε is a random error term, and x1 … xk 
are k covariates measured on any i-th recruit. 
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Early exposure to a bacterial endotoxin may cause breeding 
failure in a migratory bird 
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ABSTRACT 
Early life conditions may have important long-term consequences on viability and reproduction. 
Considering their pervasiveness in natural environments, parasites play a crucial role in 
determining life-histories of hosts, by negatively affecting their performance and imposing fitness 
costs. Here, we tested whether exposure to bacterial endotoxin (lipopolysaccharide, LPS) during 
the nestling period influenced breeding performance at sexual maturation of a small passerine bird, 
the barn swallow (Hirundo rustica). Three out of 56 LPS male nestlings were recruited in their 
breeding site, compared to 6 out of 51 controls. None of the LPS recruits was observed to breed or 
to pair with a female, while all control recruits bred successfully, with a mean seasonal breeding 
success of 6.4 fledged offspring. In addition, LPS recruits were captured later than controls. These 
findings suggest that an exposure to a bacterial endotoxin during the critical phase of development 
may negatively affect reproductive success in this short-lived migratory birds, possibly via 
delaying timing of moult and arrival from wintering grounds. 
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INTRODUCTION 
 
Conditions experienced during early life are 
not only fundamental in moulding individual 
development, but may also affect phenotype in 
the long-term (reviewed in Metcalfe and 
Monaghan, 2001), with consequences on 
viability and reproduction (Lindström, 1999; 
Ricklefs et al., 2006). In avian species, several, 
diverse factors, including parental quality 
(Naguib et al., 2006), natal habitat (van de Pol 
et al., 2006 Saino et al., 2012), time and 
duration of rearing period (Cam et al., 2003), 
as well as nutritional conditions (Birkhead et 
al., 1999; Blount et al., 2006; Naguib and 
Nemitz, 2007) and levels of oxidative damage 
during early development (Noguera et al., 
2012), have been related with longevity, sexual 
attractiveness and breeding performance in 
adulthood. Moreover, early attack by parasites 
may considerably reduce host fitness (Loyle 
and Zuk, 1991; Møller, 1997). For example, 
beside direct detrimental costs, parasites may 
increase energy expenditure by stimulating 
immune system functioning, resulting in a 
trade-off with other body functions (Bonneaud 
et al., 2003; Faivre et al., 2003; Soler et al., 
2003). Despite hosts having evolved several 
defence mechanisms to cope with virulent 
parasite attacks, parasites can markedly 
influence development of young animals or 
affect adults in diverse ways, by e.g. reducing 
annual survival and reproduction or modifying 
the expression of secondary sexual characters 
(Loyle and Zuk, 1991; Møller, 1997).  
In natural environments, bacteria are 
common parasites to which birds are exposed 
at all stages of their life cycle and may cause 
detrimental effects on condition, viability and 
reproduction (reviewed in Benskin et al., 
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2009). Here, we tested the long-term 
consequences of exposure to a bacterial 
endotoxin (lipopolysaccharide from 
Escherichia coli cell walls, LPS) of barn 
swallow (Hirundo rustica) nestlings on their 
reproductive success when they were recruited 
in their original colony as breeding, 1-year old 
adults. We previously demonstrated that LPS 
negatively affected body growth, feather 
quality and behaviour of nestlings, but had no 
consequences for pre-fledging survival 
(Romano et al., 2011). 
The barn swallow is a small, insectivorous 
and socially monogamous migratory passerine, 
which usually breeds in colonies located in 
rural buildings, such as stables and cowsheds. 
Females lay from one to three clutches of 3-7 
eggs per breeding season and both parents 
perform parental care. Nestlings fledge 
approximately 18-20 day after hatching. Natal 
dispersal is high: in our study population, 
recruitment rate in the natal colony is <5% and 
strongly male-biased (Saino et al., 2012). We 
therefore focused on fitness consequences for 
males only. 
 
 
MATERIALS AND METHODS 
 
This study was performed in 2010 and 2011 in 
two colonies (= farms) located near Milan 
(Italy). In April-July 2010, at day 7 (day 0 = 
hatching of the first egg in a nest) we 
individually ringed all nestlings from 47 broods 
and collected a blood sample for molecular sex 
determination (see Romano et al., 2011 for 
details). The present study was carried out on 
the same set of nestlings that were analyzed in 
Romano et al. (2011). This procedure allowed 
us to know the nestlings’ sex before day 12 
after hatching, when 20 μl of phosphate 
buffered saline (PBS) containing 10 μg of LPS 
(055:B5–L2880 Sigma-Aldrich) were 
intraperitoneally injected to half of the 
nestlings of either sex within each brood (56 
males and 46 females; hereafter ‘LPS’ 
individuals) to simulate a bacterial infection. 
The remaining 100 nestlings (51 males and 49 
females) were injected with the same amount 
of PBS (hereafter ‘control’ individuals). 
Nestlings were assigned to either group 
randomly. In case of an odd number of male or 
female nestlings, the odd nestling was assigned 
randomly to either treatment (see Romano et 
al., 2011). For each nestling we collected 
morphological data (body mass, tarsus length, 
third outermost wing feather length, outermost 
tail feather length and number of fault bars on 
feathers) before (at day 12) and after (at days 
14 and 15) the LPS injection (see Romano et 
al., 2011).  
In April-August 2011, we visited the 
colonies on a weekly basis to record breeding 
events. At each colony, we performed three 
capture sessions (ca. one session every 4-5 
weeks) of adults during the breeding season 
(May 4 – July 12) by placing mist nets before 
dawn at windows and doors of all rooms 
accessible to barn swallows. As adults 
generally spend the night inside the buildings, 
this procedure assures high efficiency of 
capture of breeding and non-breeding 
individuals (less than 5% of individuals can 
escape repeated capture events; see Saino et al., 
2011 for details). At capture, standard 
measurements of morphology and infestation 
by ecto-parasites were taken: we collected data 
of body mass, tarsus length, wing length, 
outermost tail feather length, and number of 
holes on feathers caused by chewing lice (see 
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e.g. Vas et al., 2008). Before being released, 
adults were individually marked with a unique 
combination of colour patches on belly and 
breast feathers and colour rings. This procedure 
allowed us to assign each individual to its 
breeding pair and nest by direct observation. 
We then recorded  the number of nestlings 
fledged at each nesting attempt.  
 
 
RESULTS AND DISCUSSION 
 
Overall, 6 out of 51 control and 3 out of 56 
LPS males were recruited in their natal colony. 
All recruits were from different nests. No 
females were recruited. At recruitment, 
morphology and ecto-parasite load of LPS and 
control males did not differ significantly 
(Table 1). Phenotypic traits of recruited birds 
were also similar when they were measured as 
nestlings, both before (day 12; for all traits: t-
test for unequal variances: P > 0.26) and after 
(day 14 and 15; for all traits and ages: t-test for 
unequal variances: P > 0.09) the LPS injection.  
 
Table 1. Mean (SE) values of morphological traits and 
parasite load of LPS and control individuals at 
recruitment (ca. 1 year of age). No significant 
differences emerged between groups after t-tests 
assuming unequal variances (all P-values > 0.59).  
___________________________________________________ 
Control   LPS 
___________________________________________________ 
Body mass (g)    16.63 (0.14)   17.03 (1.03) 
Tarsus length (mm)   11.14 (1.04)   10.95 (2.86) 
Wing length (mm)  121.83 (1.30) 121.67 (1.76) 
Tail feather lengtha (mm)   99.50 (2.29)   98.67 (1.20) 
Chewing lice holesb    14.00 (3.85)   14.30 (9.49) 
___________________________________________________ 
a: Outermost tail feather length (mm) 
b: Number of chewing lice holes on feathers 
 
None of the 3 LPS males was found to breed 
or even to pair with a female, whereas all 6 
control recruited yearlings did, resulting in a 
statistically significant difference in the 
chances of breeding between the two groups 
(Fisher’s exact test: P = 0.012). Over the whole 
breeding season, the mean fledging success of 
the control males was 6.4 offspring (range 3-
10), statistically larger than that of LPS recruits 
(Mann-Whitney U test: Z = 2.306; P = 0.021). 
While all control recruits were captured during 
the first capture session, this was the case for 
only a single LPS recruit, resulting in a 
statistically significant difference in ranks of 
capture date between groups (Mann-Whitney U 
test: Z = 2.121; P = 0.034). 
These results suggest that an exposure to 
LPS endotoxin during development may 
negatively impact on individual fitness of barn 
swallow males. As life expectancy of yearling 
barn swallows is about 2 years, due to an 
annual mortality rate of about 60-70% (Turner 
2006), a failure of the first reproductive attempt 
may thus seriously compromise lifetime 
reproductive success (see also Saino et al., 
2012). Despite sample size was small because 
of the very low recruitment in the natal colony, 
we emphasize that, to our knowledge, this is 
the first study reporting that an exposure to 
bacteria in early life has long-term negative 
effects on reproductive success in free-living 
birds.  
Two proximate non-exclusive mechanisms 
may have caused such breeding failure by the 
LPS recruits. First, it could be mediated by 
differences in arrival date of control and LPS 
males. Arrival date to the breeding colony is in 
fact the most important determinant of mating 
success in the barn swallow (Møller, 1994). In 
the study population, late arriving males 
(normally yearlings) may have less chances to 
mate than early arriving ones, since the tertiary 
sex ratio is usually, though not strongly, male-
biased (Saino et al., 2008). This was the case 
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for the colonies where we conducted the 
present study in 2011, where we captured 
through the breeding season 51 females and 67 
males. Since LPS is known to severely impair 
moult speed in passerines (Moreno-Rueda, 
2010), delayed completion of moult in the 
winter quarters in Africa may have resulted in 
later arrival to the breeding grounds. In 
addition, LPS injection, by impairing juvenile 
plumage quality (see Romano et al., 2011), 
may have resulted in reduced flight and thus 
migratory performance (see also Criscuolo et 
al., 2011), ultimately causing a delayed timing 
of migration. The delayed capture of unpaired, 
LPS males is consistent with a delay in time 
schedules of LPS birds during the non-breeding 
season. However, we cannot exclude the 
possibility that such delayed capture was 
caused by a different behaviour of unpaired 
males, resulting in lower capture probability, 
though this seems unlikely as barn swallow 
males, including unpaired ones, establish and 
defend a small breeding territory inside rural 
buildings soon after arrival from wintering 
grounds (see Møller, 1994).  
Secondly, breeding failure may have been 
mediated by a reduced male attractiveness, 
though the most important secondary sexual 
character subjected to directional female 
preference, the outermost tail feathers length 
(Møller, 1994), did not differ between control 
and LPS recruits (Table 1). However, other 
sexually-selected traits that convey reliably 
information about male quality not measured 
here, such as male song repertoire (Galeotti et 
al., 1997; Saino et al., 1997; Møller et al., 
1998), may have been negatively affected by 
poor early life conditions, as documented in 
other bird species (Nowicki et al., 2002; 
Buchanan et al., 2003; Spencer et al., 2003). In 
addition, it has been previously demonstrated 
that LPS affects male sexual behaviour in the 
short-term, decreasing territorial aggression 
and vocal displays (Owen-Ashley et al., 2006), 
and negatively influences breeding 
performance of nestling birds (Bonneaud et al., 
2003; Palacios et al., 2011).  
Many, different ultimate mechanisms may 
have been involved in mating failure by LPS 
recruits. In birds, host response to LPS is 
known to alter several physiological, hormonal 
and behavioural traits, i.e. inducing stress 
hormones production, increasing oxidative 
tissue damage and reducing fat scores (see 
Owen-Ashley et al., 2006; Bertrand et al., 
2006; Lee et al., 2005; Bonneaud et al., 2003). 
LPS injection may have thus negatively 
impacted on young birds by causing trade-offs 
between immune system activation and 
investment in other body functions at 
subsequent life stages (e.g. Moreno-Rueda, 
2010; Bonneaud et al., 2003).  
Previous studies documenting adverse 
effects of exposure to novel antigens on bird 
species showed a reduction in survival of both 
adults (Hanssen et al., 2004) and post-fledged 
juveniles (Eraud et al., 2009), whereas our 
findings show that negative fitness 
consequences may be mediated by a reduction 
of mating success. Thus, host response to 
bacterial infection during early life may have 
long-term detrimental effects not only on 
survival prospects, but also on breeding 
opportunities, with potentially severe negative 
consequences on lifetime reproductive success. 
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DISCUSSION AND CONCLUSIONS 

Synopsis and concluding remarks 
 
Using both experimental and correlative 
approaches, the present thesis has investigated 
the factors, including context-dependent sibling 
interactions, differential parental investment 
according to sex and environment, and 
decisions by parents over the time and site of 
breeding, that can contribute to determine the 
variation of offspring quality and viability 
before fledging, and also later in life.  
First, the dissertation provides novel 
findings about the function and the evolution of 
begging behaviour, performed both in the 
presence and in the absence of parents, as a 
reliable carrier of information about offspring 
state, and the ultimate role of begging displays 
in the resolution of sib-sib and parent-offspring 
conflicts. It further shows that begging 
strategies and the outcome of interactions 
among nestlings can be considerably affected 
by diverse factors, including, sex, immune 
stimulation, and own compared to siblings’ 
hunger level.  
Moreover, the present work also provides 
new pieces of evidence for the importance of 
perinatal environment and of parental decisions 
over timing and site of breeding in affecting 
nestling growth and reproductive value. 
Environmental conditions during the rearing 
period can potentially determine sex-related 
developmental asymmetries and pre-fledging 
mortality rates as well as long-term effects on 
survival prospects and lifetime reproduction, 
and influence the parental sex allocation 
strategies.  
Below I present a brief summary of the main 
findings described in each chapter of the 
dissertation. 
Begging, sibling competition and kin 
selection 
 
The aim of this part (Chapters 1-3) was to 
disclose factors, both in the short- and in the 
long-term, involved in affecting the expression 
of multiple begging displays, in moulding the 
competitive behaviour and the begging 
strategies by interacting nestlings, and in 
influencing the allocation of food by parents in 
the barn swallow. In addition, in the same 
model species I have analyzed the occurrence 
and experimentally tested the potential function 
of the so-called parent-absent begging in 
mediating sibling competition for food.  
In Chapter 1, I have provided evidence for 
a fine-tuned modulation of begging behaviour 
by nestlings in relation to sibling’s need of 
food: less hungry nestlings considerably 
reduced their competitive effort when facing a 
sibling in poor condition. Such a decreased 
competitiveness favoured the access to food by 
needy kin and allowed them to recover from a 
food deficiency. The modulation of selfishness 
thus assured indirect fitness benefits by 
enhancing survival prospects of siblings, while 
concomitantly reducing costs of vigorous 
competition against hungry nest mates.  
In Chapter 2, I have shown that the 
frequency of parent-absent begging (PAB) 
increased at increasing hunger level (i.e. after a 
nestling have been experimentally deprived of 
food), and that nestlings modulated their 
begging behaviour according to own and 
sibling’s solicitation in the absence of parents. 
In particular, nestlings that had performed PAB 
increased their competitive effort during the 
subsequent feeding visit by parents, while 
siblings reduced their own begging level, but 
only if not deprived of food. The combined 
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variation in begging by the interacting siblings 
resulted in a larger chances of obtaining food 
by the nestling which has performed PAB, but 
not when it was competing with a food-
deprived nest mate, which in turn tried to 
monopolize the food delivered by parents to the 
nest. 
Taken together, the results of Chapter 1 and 
Chapter 2 therefore show that offspring are 
able to modulate their begging strategies in 
order to achieve an optimal balance between 
the costs of scrambling for food, the benefits of 
being fed according to their need and the 
indirect costs of subtracting food to relatives. 
In addition, the present findings emphasize the 
importance of kin selection in moulding the 
complex interactions among siblings for the 
access to limiting parental resources and show 
that offspring may play a crucial role in the 
control of allocation of parental investment. 
In Chapter 3, I have shown that an immune 
challenge during early growth, simulating a 
bacterial infection, caused a decrease in body 
mass and plumage quality, measured as the 
occurrence of feather abnormalities (e.g. fault 
bars), as well as in the red coloration of the 
gape in nestlings of both sexes. Postural 
solicitation of parental care considerably 
increased when nestlings had been 
experimentally deprived of food and also when 
they had been subjected to an immune 
challenge, implying that begging behaviour can 
convey reliable information on both offspring 
hunger level and condition, possibly being 
exploited by parents to optimally modulate 
allocation of care. I have also demonstrated a 
sex-dependent variation in the effects of the 
immune challenge: females suffered a major 
decrease in quality after the experimental 
manipulation (e.g. reduction of feathers growth 
and flange colour), as also shown by 
differences in the expression of postural 
begging behaviour between the sexes. 
However, variation in general condition did not 
affect parental food allocation both before and 
after a period of food deprivation, likely 
because barn swallows usually adopt a ‘brood 
survival’ strategy whereby parents tend to 
promote successful fledging of all offspring 
rather than discriminating among their 
progeny.  
 
 
Sex-related parental investment and 
ecological conditions 
 
The aim of the second part (Chapters 4-5) of 
the thesis was to explore variation of parental 
investment towards male and female offspring 
according to the spatial and temporal variation 
of ecological conditions in two passerine birds, 
namely the barn swallow, a species with sexual 
monomorphic nestlings, and the common 
starling, where a sexual dimorphism occurs at 
the nestling stage.  
In Chapter 4, I have shown that the 
proportion of male offspring that successfully 
fledged (i.e. secondary sex ratio) significantly 
increased in barn swallow colonies surrounded 
by large extent of hayfields, the main foraging 
habitat for this insectivorous bird, and, only in 
second broods, in colonies showing recent 
negative demographic trends. Irrespective of 
the mechanism at the basis on such observed 
skewed progeny sex ratio, these findings 
suggested patterns of adaptive sex allocation 
strategy by parents according to the sex-
specific features of natal dispersal of the barn 
swallow. Indeed, barn swallow males have a 
higher natal philopatry than females and are 
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thus more likely to benefit from favourable 
local environment when, as 1-year old adults, 
they will be recruited to breed in the area 
surrounding their natal site.  
In Chapter 5, I have documented a seasonal 
decline in offspring quality in the common 
starling. Antioxidant defense and body growth 
rate were lower in the second compared to the 
first broods, indicating that late breeding 
attempts can result in offspring of lower 
reproductive value, and therefore that the 
timing of reproduction is a crucial determinant 
of fitness. Such a decrease in condition was 
particularly intense for females, and was 
accompanied by female-biased mortality in the 
late-hatched broods, where a marked difference 
in size compared to male siblings occurred. 
Sexual dimorphism in body mass at halfway 
through the rearing period, typical of the 
species, markedly differed between broods, 
with second-brood males being 22.7% and 
first-brood males 4.7% heavier than their 
female siblings, respectively. This observed 
pattern was likely caused by a skew of parental 
investment towards larger, higher-quality males 
(by e.g. a variation in maternal effects before 
hatching or a biased food provisioning during 
rearing), or determined by asymmetric sibling 
competition whereby stronger male 
competitors can monopolize resources. 
 
 
Long-term effects of rearing conditions on 
reproductive success 
 
In the last part of the present thesis (Chapters 
6-7), I have investigated the effects of 
environmental conditions, determined by 
parental decisions over breeding and presence 
of parasites, experienced during the nestling 
period on longevity and lifetime reproductive 
success at the adult stage (age ≥ 1 year) in the 
barn swallow.  
In Chapter 6, in a long-term longitudinal 
study, spanning from 1993 and 2011, I have 
demonstrated that individuals of both sexes that 
hatched early in each breeding season can 
benefit from a longer lifespan and a larger 
number of offspring successfully reared during 
the entire life. Present results again indicate an 
increase of reproductive success for early-
breeders, which are therefore favoured by 
natural selection. In addition, high individual 
quality at the nestling stage, measured as T-cell 
mediated immune response (both sexes) and 
body size compared to siblings (only for 
females), predicted lifespan. This finding 
therefore suggests that individual rank in the 
hierarchy within-brood can have not only 
important effects in affecting nestling’s growth 
and pre-fledging survival prospects, but can 
also have long-lasting fitness consequences 
until adulthood. Acquiring a dominant position 
in the size hierarchy within-brood could be 
particularly relevant for females, that are 
competitive inferior compared to their male 
siblings. 
Finally, in Chapter 7, I have found, in small 
sample of males, that a bacterial immune 
challenge during the early post-natal stage 
causes the failure of the first breeding attempt. 
All males subjected to an injection of a 
bacterial endotoxin during the nestling stage 
that were recruited in their natal site as sexually 
mature adults did not mate. Conversely, all 
control individuals (i.e. males subjected to an 
injection of a physiological solution during the 
nestling stage) recruited in the same natal site 
bred successfully. In addition, immune 
challenged individuals were captured at their 
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natal site during the breeding season later than 
control males. An early exposure to virulent 
bacteria can thus markedly reduce the 
reproductive success in this short-lived species, 
possibly by means of a delay in the timing of 
migration resulting in a late arrival in the 
breeding sites. 
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